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ABSTRACT

Based on National Meteorological Center and Air Force gridded

analysis data over the Northern Hemisphere and tropical regions,

an analysis of the interaction, evolution, and maintenance of

available potential and kinetic energy was carried out. This

analysis indicated that the maintenance of the energetics in the

winter, middle latitudes followed a definite cycle. Diabatic

heating supplied energy to the mean stratospheric available poten-

tial energy, which then converted to mean stratospheric kinetic

energy and was subsequently removed from the system by Reynolds

and molecular stresses. Energy input to the mean tropospheric

available potential energy by nonadiabatic process was seen to

transfer to, in turn, tropospheric eddy available potential

energy, tropospheric eddy kinetic energy, stratospheric eddy

kinetic energy, stratospheric eddy available potential energy, and

finally, was transferred out of the system by diabatic cooling and

sub-scale interactions.

Analysis of energy transfer at boundaries indicated that

boundar-; terms act principally to decrease centers of high kinetic

and available potential energy or to increase energy in areas of NTIAI

relative minimum kinetic or available potential energy. Of all f!c"

bcundary terms. the vertical geopotential flux was seen as the

most important, transferring enerzy upward over most of the Str/

Northern Hemisphere for all vave numbers and converging energy
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"the region of the tropical tropopause for wave number 2. It sug-

gests that stratospheric warmings may be an effect of energy trans-

fer at boundaries.

An analysis of the mechanism for the evolution of the large

scale atmospheric waves in the mid-latitudes, winter 1975-76,

indicates that vertical convergence of geopotential flux provides

a substantial mechanism for kinetic energy evolution in both the

mid-latitude troposphere and stratosphere. While nonlinear inter-

action provides a more effective mechanism for wave evolution in

the troposphere, the vertical convergence of geopotential flux is

effective in affecting wave evolution in the stratosphere. The

vertical convergence of geopotential flux, which is found generally

in phase with the rate of change in kinetic energy, would enhance

the wave growth; whereas the meridional convergence of geopotential

flux, which is generally out of phase from the rate of kinetic

energy change, would act as an energy sink. The evolution of

kinetic energy is found generally to preceed that of available

potential energy associated with the waves. Summer tropical wave

evolution was found to be far more variable and less well defined

than for the middle latitudes in winter.
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ABSTRACT

Based on National Meteorological Center and Air Force gridded

analysis data over the Northern Hemisphere and tropical regions,

an analysis of the interaction, evolution, and maintenance of

available potential and kinetic energy was carried out. This

analysis indicated that the maintenance of the energetics in the

winter, middle latitudes followed a definite cycle. Diabatic

heating supplied energy to the mean stratospheric available poten-

tial energy, which then converted to mean stratospheric kinetic

energy and was subsequently removed from the system by Reynolds

and molecular stresses. Energy input to the mean tropospheric

available potential energy by nonadiabatic process was seen to

transfer to, in turn, tropospheric eddy available potential

energy, tropospheric eddy kinetic energy, stratospheric eddy

kinetic energy, stratospheric eddy available potential energy, and

finally, was transferred out of the system by diabatic cooling and

sub-scale interactions.

Analysis of energy transfer at boundaries indicated that

boundary terms act principally to decrease centers of high kinetic

and available potential energy or to increase energy in areas )f

relative minimum kinetic or available potential energy. Of all

boundary terms, the vertical geopotential flux was seen as the

most important, transferring energy upward over most of the

Northern Hemisphere for all wave numbers and conerging energy in
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the region of the tropical tropopause for wave number 2. It sug-

I gests that stratospheric warmings may be an effect of energy trans-

* fer at boundaries.

An analysis of the mechanism for the evolution of the large

scale atmospheric waves in the mid-latitudes, winter 1975-76,

indicates that vertical convergence of geopotential flux provides

i a substantial mechanism for kinetic energy evolution in both the

mid-latitude troposphere and stratosphere. While nonlinear inter-

action provides a more effective mechanism for wave evolution in

the troposphere, the vertical convergence of geopotential flux is

effective in affecting wave evolution in the stratosphere. The

I vertical convergence of geopotential flux, which is found generally

*in phase with the rate of change in kinetic energy, would enhance

the wave growth; whereas the meridional convergence of geopotential

flux, which is generally out of phase from the rate of kinetic

energy change, would act as an energy sink. The evolution of

kinetic energy is found generally to preceed that of available

ipotential energy associated with the waves. Summer tropical wave

evolution was found to be far more variable and less well defined

I than for the middle latitudes in winter.

I
I

I
-!-.---.---.-----.



I
I

ACKNOWLEDGMENTS

To Dr. Shih-Kung Kao, my committee chairman, I extend my

deepest respect and most sincere appreciation. Without his force-

ful guidance, patience, and encouragement, this research would

have been impossible. I also wish to thank Dr. Jan Paegle for his

interest and extremely valuable advice regarding the tropical data

analysis used in this study. It has been a rare privilege and a

great honor to have worked with these men.

Great amounts of computer time and considerable moral support

was extended to this project by the Ogden ALC, Data Automation

I Branch, Comptroller, Hill AFB, Utah. I would particularly like to

thank Mr. Max Peterson, Mr. Earl Rose, Mr. Parley Jeffs, and the

many computer operators for their assistance in providing the

1highest quality computer support possible.
I would like to acknowledge the Air Force Global Weather

ICenter, and especially Captain Gregory Logan, for computer support
during the early stages of this research. I am additionally

indebted to the people at USA/ETAC, Scott AFB, Illinois and OL-A,

Asheville, North Carolina, for their prompt action in supplying the

tropical data used in this study.

I I also want to express my gratitude to the National Center

for Atmospheric Research for supplying the fast Fourier transform

package and the Northern Hemisphere gridded National Meteorological

I



Center analysis used in this research.

I My salary and tuition during the course of this work was

supplied by the United States Air Force through the Air Force

Institute of Technology, Wright-Patterson AFB, Ohio.

I Printing expenses for this paper were paid by the Air Force

Off ice of Scientific Research under grant AFOSR 78-3576. Computer

I supplies were purchased by NASA contract VAS 5-25373.

vi



TABLE OF CONTENTS 
Pg

ABSTRACT. ........................... iv

ACKNOWLEDGEMENTS. ....................... vi

LIST OF ILLUSTRATIONS. .. ..................

CHAPTER

1 INTRODUCTION. .................... 1

2 THEORETICAL CONSIDERATIONS. .............. 3

2.1 Introduction. .. ................ 3

2.2 Equations for the Large-Scale Atmospheric

Motion and Transports in the Physical Space . 3

2.3 Power and Cross Spectra in Wave Number
Frequency Space .. ............... 4

2.4 Energy and Transport Equations in the Wave
Number Frequency Space .. ............. 5

3 DATA AND COMPUTATIONAL METHODS .. .......... 16

3.1 Data Sources. .. ................ 16

3.2 Omega Computation. ............... 17

3.3 Fast Fourier Transform Computations .. ..... 26

3.4 Miscellaneous Computational Techniques . . . . 26

4 SEASONAL MEAN~ FLOW, TEMPERATLURE, SPECTRA, BOUNDARY
TRANSFER, AND ENERGETICS .. ............. 27

4.1 Distribution of Mean Flow and Temperature . . 27

4.2 Seasonal Mean Spectra .. ............ 39

4.2.1 Mean power spectra distribution . . . . 39

4.2.2 Spatial distributi.n of mean energ-
spectra. .. ............... 50



I
I

TABLE OF CONTENTS (continued)

I CHAPTER (continued) Page

4.3 Maintenance of Energetics of the Large Scale
Waves in the Stratosphere and Troposphere . 65

4.3.1 Hemispheric averaging .......... .. 65

4.3.2 Mean energy transfer . ......... .. 69

4.4 Energy Transfer at Boundaries . ........ .. 88

4.4.1 Development of linear boundary terms

for the pressure gradient force . . . . 88

4.4.2 Integration of boundary terms .. ..... 89

4.4.3 Characteristics of vertical and meridi-

onal energy transfer in the atmosphere. 90

5 GROWTH A.ND DECAY OF LARGE SCALE ATMOSPHERIC WAVES . 123

5.1 Physical Interpretation of Time Transforms 128

5.2 Evolution of the Available and Kinetic Energv
of the Large Scale Atmospheric Waves .. ..... 129

6 SUMMARY AND CONCLUSIONS .... .............. .. 168

APPENDIX A. DISTRIBUTION OF AK, WK, N-K, MA, ANT' NA AVERAGED
OVER THE 1975-76 WINTER SEASON FCR VARIOUS WAVE
NUMBERS ....... .................... .. 172

APPENDIX B. ENERGY TRANSFER DIAGRAMS FOR WINTER NVD SUTtER
AVERAGED OVER VARIOUS LATITUDE BANDS FOR WAVE£
NUMBERS 0 THROUGH 10 .... .............. .. 195

3 REFERENCES .......... ......................... .. 212

VITA .......... .. ............................ . -...15I
I
I

ixI
I



I
I

LIST OF ILLUSTRATIONS

Tables

Number Page

I Values of omega (mb/sec x 103 resulting from
application of boundary conditions given by
Equations (3.4) and (3.5) .... ............. ... 20

2 Definition of terms contributing to the rates of

change of kinetic and available potential energy . 70

FiguresI
1 Omega power spectra determined with the use of the

thermodynamic and vorticity equations and averagedIover 30°N to 60*N for the 1975-76 winter season at
500 mb ......... ...................... .. 25

2 Cross section of the mean zonal wind distribution
in m/sec for the 1975-76 winter season ....... .. 28

3 Cross section of the mean meridional circulation
for the 1975-76 winter season .... ........... 29

4 Cross section of the mean omega distribution for
the 1975-76 winter season ...... ............. 31

5 Cross section of the mean temperature distribution
for the 1975-76 winter season...........33

6 Cross section of the mean zonal wind distribution
in m/sec for the 1976 summer season .......... .. 35

7 Cross section of the mean meridional circulationI for the 1976 summer season .... ............ .. 36

9 Cross section of the mean omega distribution for
the 1976 summer season ..... .............. .. 37

Cross section of the mean temperature for the 1976
summer season ....... ................... .. 38I

I

'4> -- S



I
I

LIST OF ILLUSTRATIONS (continued)

1 Number Page

10 Distribution of seasonal mean power spectra for
the 1975-76 winter season at 500 mb .......... ... 40

11 Distribution of seasonal mean power spectra for
the 1975-76 winter season at 50 mb .... ........ 41

12 Distribution of seasonal mean power spectra for
the 1975-76 winter season at 10 mb ........ 42

13 Distribution of seasonal mean power spectra for
the 1976-77 winter season at 500 mb .... ........ 43

14 Distribution of seasonal mean power spectra for
the 1976-77 winter season at 50 mb ........ 44

15 Distribution of seasonal mean power spectra for
the 1976 summer season at 500 mb .. ......... .. 45

16 Distribution of seasonal mean power spectra for
the 1976 summer season at 50 mb ........... ... 46

17 Distribution of seasonal mean power spectra for
the 1976 summer season at 10 mb .. .......... .. 47

5 18 Cross section of the distribution of the mean
kinetic energy of the zonal flow for winter
(m2/sec2) ....... ..................... .... 51

U 19 Cross section of the distribution of the mean

available potential energy of the zonal flow for5 winter (m2/sec2) ..... ................. .. 52

20 Cross section of the available potential energy
distribution for wave number 1 during winter
(m2/sec 2) ....... ..................... .... 53

21 Cross section of the available potential energy
distribution for wave number 2 during winter
(m2/sec 2) ....... ..................... .... 54

22 Cross section of the available potential energy
distribution for wave number 3 during winter
(m2/sec 2) ....... ..................... .... 55

1 23 Cross section of the available potential energy

ixi

-- .



1;

LIST OF ILLUSTRATIONS (continued)

Number Page

distribution for wave numbers 1 - 20 during winter
(m2 /sec 2 ) ....... ..................... ... 56

24 Cross section of the kinetic energy distributiong for wave number 1 during winter (m2/sec 2) .. ..... 57

25 Cross section of the kinetic energy distribution
for wave number 2 during winter (m-/sec2) .. ..... 58

26 Cross section of the kinetic energy distribution

for wave number 3 during winter (m2/sec 2)..... .... 59

I 27 Cross section of the kinetic energy distribution
for wave number 4 during winter (m2 /sec2 ) .. ..... 60

28 Cross section of the kinetic energy distribution
for wave numbers 1 - 20 during winter (m2 /sec 2) . . 61

29 Plot model showing the location of averaged terms
of the available potential and kinetic energy
equations ........ ..................... ... 68

30 Transfer diagram of atmospheric energy for winter
average conditions for wave numbers 0- 5 over the
Northern Hemisohere. Energy fluxes are in
m2 /sec 2 /day, while EK and EA within the boxes are

m2/sec 2 . . . . . . . . .  . . . . . . . .. . . .. . . . . . . . . . 71

31 Transfer diagram of atmospheric energy for winter
average conditions for wave numbers 6- 10 over the
Ncrthern Hemisphere. Energy fluxes are in
m 2/sec 2/day, while EK and EA within the boxes are
m2 /sec 2 . . . . . . . . . . .  . .. . .. . .. . .. . . . . . . . . . . 72

32 Model showing major average energy flow through the
stratosphere and troposphere for the Northern
Hemisphere during the winter season .... ........ 73

33 Distribution of mean energy conversion from avail-
able potential energy to kinetic energy for the
winter season (m2 /sec2 /day) .... ............ 76

34 Transfer diagram of atmospheric energy for winter
average conditions for wave numbers 0 - 5 over 90*N
to 20'N. Energy fluxes are in m2'sec2 /day, while
EK and EA within the boxes are m /sec

2  . . . . .. .  77

xii



I
I

LIST OF ILLUSTRATIONS (continued)

Number

35 Transfer diagram of atmospheric energy for winter

average conditions for wave numbers 6- 10 over
900N to 200N. Energy fluxes are in m2/sec 2/day,while EK and EA within the boxes are m 2 /sec 2  . 78

36 Model showing major average energy flow through
the stratosphere and troposphere for 90N to 20N
during the winter season ..... ............. 79

37 Transfer diagram of atmospheric energy for summer
average conditions for wave numbers 0- 5 over the
Northern Hemisphere. Energy fluxes are in
m 2 /sec 2 /day, while EK and EA within the boxes are
m2 /sec 2 . . . . . . . . .  . .. . . .. . .. .. . . . . . . . . . . . ..  83

38 Transfer diagram of atmospheric energy for summer
average conditions for wave numbers 6- 10 over the
Northern Hemisphere. Energy fluxes are in
m2/sec2 /sec, while EK and EA within the boxes are
m2 /sec 2 . . . . . . . . .  .. . . .. . .. . .. . . . . . . . . . . . ..  84

39 Model showing major average energy flow through the

stratosphere and troposphere for the Northern
Hemisphere during the summer season ......... ... 85

40 Distribution of vertical geopotential flux summed
over wave numbers 1- 20 and averaged over the winter
season (m2 /sec 2/day) .... ............... ... 91

41 Distribution of vertical geopotential flux for wave
number 0 averaged over the winter season

(m2 /sec 2/day) ........ ................... 92

42 Distribution of vertical geopotential flux for wave
number 1 averaged over the winter season
(m2 /sec2 /day) ...... ................... .. 93

43 Distribution of vertical geopotential flux for wave
number 2 averaged over the winter season
(m2/sec 2/day) ...... ................... ... 94

44 Distribution of vertical geopotential flux for wave
number 3 averaged over the winter season

(m2 /sec 2 /day) ......... ................... 95

45 Distribution of meridional geopotential flux summed

xiii



LIST OF ILLUSTRATIONS (continued)

I Number Page

over wave numbers 1- 20 and averaged over the
winter season (m2/sec 2 /day) .. ............ ... 99

46 Distribution of meridional geopotential flux
averaged over the winter season for wave number 0
(m2/sec 2 /day) ..... ................... .... 100

47 Distribution of meridional geopotential flux ave-
raed over the winter season for wave number I
(m/sec2/day) ...... ...................... . O1

48 Distribution of meridional geopotential flux ave-
raged over the winter season fcr wave number 2
(m2/sec2/day) ...... ................... .... 102

49 Distribution of meridional geopotential flux ave-
raged over the winter season for wave number 3
(m2/sec2/day) ...... ................... .... 103

50 Distribution of NKB1I summed over wave numbers 1 -21g and averaged over the winter season (m2/sec 2/day) . 106

51 Distribution of NKBlI over the winter season for
wave number 1 (m2/sec 2/day) ... ............ .. 107

52 Distribution of NKB!I over the winter season for
wave number 2 (m2/sec 2/day) ... ............ .. 108

I 53 Distribution of NBlI over the winter season for
wave number 3 (m2 /sec 2 /day) ...... ............ 109

54 Distribution of NKB21 summed over wave numbers i - 20
and averaged over the winter season (m2/sec2/day) . 110

53 Distribution of NKB21 over the winter season for
wave number 1 (m2/sec 2/day) ... ............ .... itL

56 Distribution of NKB21 over the winter season for
wave number 2 (m2/sec2/day) ... ............ .. 112

57 Distribution of NK2! over the winter season for
wave number 3 (m2/sec 2/day) .... ............ ... 113

58 Dail 7 values of EK and EA averaged over 0'- 10"1
at 100 mb and 10N -20'N at 50mb.......... 115

I iv

-II i,



I
I

LIST OF ILLUSTRATIONS (continued)

j Number Page

59 Daily values of EK and EA at 10 mb averaged over
30*N-40°N and 500N- 60°N ............. 116

60 Distribution of NABlI summer over wave numbers
1- 20 and averaged over the winter season
(m2/sec2/day) ....... ................... ... 118

61 Distribution ot NABI1 over the winter season for
wave number 1 (m2/sec 2/day) ............ 119

62 Distribution of NABlI over the winter season for
wave number 2 (m2/sec 2/day) .... ............ ... 120

63 Distribution of NABII over the winter season for
wave number 3 (m2/sec 2/day) ...... ............ 121

64 Distribution of NAB2I summer over wave numbers
1 - 20 and averaged over the winter season
(m2/sec2/day) ....... ................... ... 124

65 Distribution of NAB2I over the winter season for
wave number 1 (m2/sec2/day) .... ............ ... 125

66 Distribution of NAB21 over the winter season for
wave number 2 (m2/sec2/day) .... ............ ... 126

67 Distribution of NAB2I over the winter season for
wave number 3 (mn/sec-2/day) .... ............ .. 127

68 Winter variations of the kinetic and available
potential energies in relation to the linear and
nonlinear contributions to waves of wave number 0,
period 8.7 days, averaged over 30*N- 60ON at 500
mb . . . . . . . . . . . . . . . . . . . . . . . . 131

69 Winter variations of the kinetic and available po-
tential energies in relation to the linear and non-
linear contributions to waves of wave number 1, over
period 8.7 days, averaged over 30N-60*N at 500 mb 132

70 Winter variations of the kinetic and available
potential energies in relation to the linear and
nonlinear contributions to waves of wave number 2,
period 3.6 days, averaged over 30*N- 60"N at 500
mb ......... ........................ . 133

- .



I
LIST OF ILLUSTRATIONS (continued)

Number Page

71 Winter variations of the kinetic and available
potential energies in relation to the linear and
nonlinear contributions to waves of wave number
3, period 3.8 days, averaged over 300N- 600N at
500 mb ........ ...................... .. 134

72 Winter variations of the kinetic and available
potential energies in relation to the linear and
nonlinear contributions to waves of wave number
7, period 4.4 days, averaged over 30N- 60*N at
500 mb ........ ...................... . 135

73 Winter variations of the kinetic and available
potential energies in relation to the linear and
nonlinear contributions to waves of wave number 0,
period 8.0 days, averaged over 30*N- 60ON at 50
mb ......... ........................ .. 138

1 74 Winter variations of the kinetic and available
potential energies in relation to the linear and
nonlinear contributions to waves of wave number 1,
period 8.7 days, averaged over 30°N- 60*N at 50
mb ............. ........................ 139

75 Winter variations of the kinetic and available
potential energies in relation to the linear and
nonlinear contributions to waves of wave number 2,
period 8.7 days, averaged over 30*N- 600N at 50
mb . . . . . . . . . . . . . . . . . . . . . . . . 140

76 Winter variations of the kinetic and available
potential energies in relation to the linear and
nonlinear contributions to waves of wave number 3,
period 6.4 days, averaged over 30*N- 600N at 50
imb ......... ........................ .. 141

77 Winter variations of the kinetic and available
* potential energies in relation to the linear and

nonlinear contributions to waves of wave number 7,
period 2.3 days, averaged over 30"N- 60 ON at 50
mb ......... ........................ .. 142

78 Winter variations of the kinetic and available
potential energies in relation to the linear and
nonlinear contributions to waves of wave number 0,
period 19.2 days, averaged over 30*N- 60*N at 10
mb ............. ........................ 113

S- -



I

LIST OF ILLUSTRATIONS (continued)

Number Page

79 Winter variations of the kinetic and available
potential energies in relation to the linear and
nonlinear contributions to waves of wave number 1,
period 6.9 days, averaged over 30°N- 60°N at 10
mb ........................ 144

80 Winter variations of the kinetic and available

potential energies in relation to the linear and
nonlinear contributions to waves of wave number
2, period 8.0 days, averaged over 30°N- 60*N at
10 mb ......... ....................... ... 145

81 Winter variations of the kinetic and available
potential energies in relation to the linear and
nonlinear contributions to waves of wave number

3, period 5.1 days, averaged over 30ON- 60°N at
10 mb ......... ....................... ... 146

82 Winter variations of the kinetic and available
potential energies in relation to the linear and
nonlinear contributions to waves of wave number
7, period 2.1 days, averaged over 30=N- 60ON at
10 mb ......... ....................... ... 147

83 Summer variations of the kinetic and available

potential energies in relation to the linear and

nonlinear contributions to waves of wave number
0, period 3.4 days, averaged over 15'S- 15*N at
500 mb ........ ...................... ... 151

84 Summer variations of the kinetic and available

potential energies in relation to the linear and
nonlinear contributions to waves of wave number
1, period 4.8 days, averaged over 15'S- 15*N at

500 mb ........ ...................... ... 152

85 Summer variations of the kinetic and available
potential energies in relation to the linear and
nonlinear contributions to waves of wave number
2, period 3.3 days, averaged over 150S- i5*N at

500 mb ........ ...................... ... 153

86 Summer variations of the kinetic and available

potential energies in relation to the linear and
nonlinear contributions to waves of wave number
3, period 4.6 days, averaged over 15°S- 15"N at
500 mb ........ ...................... ... 154

xvii

* - T.



LIST OF ILLUSTRATIONS (continued)

i Number Page

87 Summer variations of the kinetic and available
potential energies in relation to the linear and
nonlinear contributions to waves of wave number
7, period 3.8 days, averaged over 15°S- 15°N at
500 mb ........ ...................... . 155

88 Summer variations of the kinetic and available
potential energies in relation to the linear and
nonlinear contributions to waves of wave number
0, period 2.3 days, averaged over 150 S- 150N atI 50 mb ........ ...................... . 156

89 Summer variations co the kinetic and available
potential energiea in relation to the linear and
nonlinear contribut - s to waves of wave number
1, period 3.7 a-a, .eraged over 15*S- 15°N at
50 mb ........ ....................... .... 157

i 90 Summer variations -f the kinetic and available
potential energies in relation to the linear and
nonlinear contributions to waves of wave number
2, period 2.9 days, averaged over 150S-15"N at
50 mb ........ ....................... .... 158

91 Summer variations of the kinetic and available
potential energies in relation to the linear and
nonlinear contributions to waves of wave numberI3, period 3.3 days, averaged over 15*S- 150 N at

50 mb ........... ..................... .. 159

I 92 Summer variations of the kinetic and available
potential energies in relation to the linear and
nonlinear contributions to waves of wave number

i 7, period 2.4 days, averaged over 15"9- 15"N at
50 mb ........ ....................... . !...160

93 Summer variations of the kinetic and available
* potential energies in relation to the linear and

nonlinear contributions to waves of wave number
0, period 2.4 days, averaged over 150S- 15"N at
10 mb ........ ....................... . !...161

94 Summer variations of the kinetic and available
potential energies in relation to the linear and
nonlInear contributions to waves of wave number
1, period 3.1 days, averaged over 15*S-15°N at
10 mb ........ ....................... .... 162

x-viii



I
l

LIST OF ILLUSTRATIONS (continued)

l Number Page

95 Summer variations of the kinetic and available
potential energies in relation to the linear and
nonlinear contributions to waves of wave number
2, period 3.1 days, averaged over 150S- 150 N at

i0 mb ........ ....................... .... 163

96 Summer variations of the kinetic and available
potential energies in relation to the linear and

nonlinear contributions to waves of wave number
3, period 4.0 days, averaged over 15*S- 15*N at
10 mb ........ ....................... .... 164

97 Summer variations of the kinetic and available
potential energies in relation to the linear and
nonlinear contributions to waves of wave number
7, period 2.1 days, averaged over 15°S -15°N at
10 mb ........ ....................... .. 165

98 Distribution of AK summed over wave mmbers 1 - 20
and averaged over the winter season (m2 /sec 2/day) 173

99 Distribution of AK over the winter season for wave
number 1 (m2/sec 2/day) .... .............. .. 17.4

100 Distribution of AK over the winter season for wave
number 2 (m2 /sec2 /day) .... .............. .. 175

101 Distribution of AK over the winter season for wave

number 3 (m2 /sec2/day) .... ................ 176

102 Distribution of MK summed over wave numbers I- 20
and averaged over the winter season (m

2 /sec2/day) . 177

103 Distribution of W over the winter season for -wave3number 0 (m2/sec2/da) ... ..............178

104 Distribution of XR over the winter season for wave
number 1 (m2/sec2/day) .... .............. .. 179

105 Distribution of MK over the winter season for wave
I number 2 (m2 /sec 2/day) ..................... 180

106 Distribution of W. over the winter season for wave

number 3 (m2 /sec2 /day) ........ .............. 181

I 107 Distribution of NK summed over wave numbers i - 20
and averaged over the winter season (m2/sec2/day) . 182| ix " ~

IL _____



I
I

LIST OF ILLUSTRATIONS (continued)

Number Page

108 Distribution of NK over the winter season for wave
number I (m2 /sec 2 /day) ..... .............. ... 183

109 Distribution of NK over the winter season for wave
number 2 (m2 /sec 2 /day) .... .............. .. 184

I10 Distribution of NK over the winter season for wave
number 3 (m2/sec2 /day) .... .............. ... 185

ill Distribution of MA summed over wave numbers 1 -20
and averaged over the winter season (m2 /sec2 /day) . 186

112 Distribution of MA over the winter season for wave
number 0 (m2/sec 2/day) .... .............. ... 187

113 Distribution of MA over the winter season for wave
number 1 (m2 /sec 2 /day) .... .............. .. 188

114 Distribution of MA over the winter season for wave
number 1 2/se2/da)...............8nubr2(m lsec2/ay)...................... 189

115 Distribution of MA over the winter season for wave
number 3 (m2/sec 2/day) .... .............. ... 190

116 Distribution of NA summed over wave numbers 1- 20
and averaged over the winter season (m2 /sec 2 /day) . 191

117 Distribution of NA over the winter season for wave

number 1 (m2/sec
2 /day) .............. 192

118 Distribution of NA over the winter season for wave
number 2 (m2/sec 2 /day) .... .............. ... 193

119 Distribution of NA over the winter season for wave
number 3 (m2 /sec 2 /day) .... .............. ... 194

120 Transfer diagram of atomospheric energy for winter

average conditions for wave numbers 0- 5 over 300S
to 0*. Energy fluxes are in m2/sec-/dav, while EK
and EA within the boxes are m 2 /sec 2 .. .. . . . .. . .  196

121 Transfer diagram of atmospheric energy for winter
average conditions for wave numbers 6 - 10 over 30"S
to 0. Energy fluxes are in m2 /sec2 /day, while EK
and EA within the boxes are m

2 /sec2.. . . . . . . . . . . .. 197

x

i .- ,

s.q



LIST OF ILLUSTRATIONS (continued)

I Number Page

122 Transfer diagram of atmospheric energy for winter
average conditions for wave numbers 0- 5 over 0*
to 200N. Energy fluxes are in m2/sec 2/day, while
EK and EA within the boxes are m

2 /sec 2  . . . .. . . .  198

123 Transfer diagram of atmospheric energy for winter
average conditions for wave numbers 6- 10 over
00 to 20*N. Energy fluxes are in m2/sec 2/dav,
while EK and EA within the boxes are in m-/sec2  • 199

124 Transfer diagram of atmospheric energy for winter
average conditions for wave numbers 0 -5 over 20ON
to 60*N. Energy fluxes are in m2/sec2/dav, while
EK and EA within the boxes are m2/sec 2  .. .. . . .. . 200

125 Transfer diagram of atmospheric energy for winter
average conditions for wave numbers 6 - 10 over 20ON
to 60*N. Energy fluxes are m2 /sec 2 /dav, while EK

and EA within the boxes are in m2 /sec 2 . . . . . . . . .. 201

126 Transfer diagram of atmospheric energy for winter

average conditions for wave numbers 0- 5 over 600N
to 90°N. Energy fluxes are in m2 /sec 2 /day, while
EK and EA within the boxes are m2/sec2  ...... 202

127 Transfer diagram of atmospheric energy for winter
average conditions for wave numbers 6- 10 over 60°N
to 90*N. Energy fluxes are in m2/sec2/day, while
EK and EA within the boxes are m2/sec 2  . . . .. . . .  203

128 Transfer diagram of atmospheric energy for summer
average conditions for wave numbers 0- 5 over 200S
to 00. Energy fluxes are in m-/sec2/dav, while EK
and EA within the boxes are m'/sec . . . . . . . . . . . 204

129 Transfer diagram of atmospheric energy for summer
average conditions for wave numbers 6 - 10 over 200S

l to 00. Energy fluxes are in m2/sec2/dav, while EK
and EA within the boxes are m2/sec 2 . ... ........ 205

130 Transfer diagram of atmospheric energy for summer
average conditions for wave numbers 0 - 5 over 00
to 30"N. Energy fluxes are in m2 /sec2 /da,;, while
EK and EA within the boxes are m2/sec 2 . . . .. . . . 206

131 Transfer diagram of atmospheric energy for summer

3 xxi

• !.

. . .-, ." . .



I
I

LIST OF ILLUSTRATIONS (continued)

I Number Page

average conditions for wave numbers 6 - 10 over 0°

to 30*N. Energy fluxes are in m-/sec-/day, while
EK and EA within the boxes are m 2/sec 2  . . . .. . . .  207

132 Transfer diagram of atmospheric energy for summer
average conditions for wave numbers 0- 5 over 30'N
to 60°N. Energy fluxes are in m 2/sec 2 /dav, while

EK and EA within the boxes are m2/sec2 . ..... .. 208

133 Transfer diagram of atmospheric energy for summer
average conditions for wave numbers 6- 10 over 30*N
to 60*N. Energy fluxes are in m2 /sec 2/day, while
EK to ZA within the boxes are in m2 /sec 2 . . .  . ... . 209

134 Transfer diagram of atmospheric energy for summer

average conditions for wave numbers 0 - 5 over 6ON
to 90°N. Energy fluxes are in m 2/sec2/dav, while
EK to EA within the boxes are m2/sec - . ...... .. 210

135 Transfer diagram of atmospheric energy for summer
average conditions for wave numbers 6- 10 over 60W'
to 90°N. Energy fluxes are in m2 /sec2 /day, while
EK and EA within the boxes are m

2!sec 2 . . . .. . . . . .. 11

I
I

I
I

I
I

xxiI
I



I
I

CHAPTER 1

INTRODUCTION

One of the effective ways of studying atmospheric dynamics

4is to analyze the generation, transfer, conversion and dissipa-

tion of available potential and kinetic energy in the atmos-

phere. It is known that in a barotropic fluid unstable waves

4 of small amplitude would amplify by drawing kinetic energy from

the mean flow, whereas in a baroclinic atmosphere an amplifying

wave would receive kinetic energy through the conversion of

available potential energy of the mean flow.

For waves of finite amplitude, however, interactions of two-

dimensional waves would transfer a large portion of the kinetic

energy to waves of larger scale and a small fraction of the

I energy to waves of smaller scale (7j~rtoft, 1953); and the

g exchanges of kinetic energy between a zonal flow and two waves

lead to a 7orcess similar to the index cycle in the atmosphere

(Lorenz, 1960). Recent studies of the energetics in the mid-

latitude troposphere indicate that the nonlinear interaczions cf

waves provide a major mechanism for the evolution of the available

potential and kinetic energy (Kao, 1977; Kao and Chi, 197S: Tsay,

and Kao, 1978) and therefore for the develooment of weather.

In regard to the energetics in the atmosphere, studies of its

maintenance have been made and valuable results have been obtained

LI
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by many researchers. In wavenumber domain investigations have

I been made by Saltzman (1957, 1970), Van Mieghen (1961),

Wiin-Nielsen (1959, 1968), Saltzman and Fleisher (1960, 1961,

1962), Reed et al. (1963), Teweles (1963), Oort (1964), Dutton

and Johnson (1967), Kung (1967), Lorenz (1967), Yang (1967),

Steinberg et al. (1971). In the wavenumber frequency space,

g research has been done by Kao (1968, 1970), Wendell (1969), Kao

g and Wendell (1970), Kao et al. (1970), Gruber (Q75), Pratt (1976),

Tenenbaum (1976), Burrows (1976) and Kao and Lee (1977). However,

these studies have been confined mostly to the maintenance of the

seasonal or yearly mean state of the waves at particular pressure

B levels or in the whole Northern HRmisphe-e. in so doing, little

ginsight can be gained regarding the interactions between tChe

troposphere and the stratosphere, tropics and mid-latitudes, and

3 between hemispheres; and these interactions provide an important

mechanism for the transfer and conversion of available potential

i and kinetic energy. To investigate these interactions and the

I .maintenance and evolution of the available potential and kinetic

energy in the troposphere and stratosphere is the purpose of this

study.

I
I
I
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CHAPTER 2I

THEORETICAL CONSIDERATIONSI
2.1 IntroductionI

To analyze the maintenance and evolution of the kinetic and

available potential energy associated with atmospheric waves of

various wavelengths, we first transformed the governing equations

from physical space to the wave number domain, then to wave number

frequency space.

2.2 Equations from the Large-Scale Atmospheric Motion and

Transports in the Physical Space

IIn the longitude (X), latitude (t), pressure (p) coordinate

I system, the equations of motion, the hydrostatic equation, the

continuity equation, and the thermodynamic energy equation may be

written as

u ' v tan
; t a cos + -  + - u f + u- v

e z . F (2. 1)
a cos 

(2.1)

u tan

4-- + v+ f+u 'u
it a cos a a

Z . - . (2.2)

I
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z R
- +  0 (2.3)

dp 9 p

1 I 3u v cos ,
+ I + =0 (2.4)

a cos 3X I

| v
c _ ___+ T R T (2.5)p;t a cos p3X a3 + )pj pi

In (2.1) through (2.5), a is the radial distance from the center

of the earth, f is the Coriolis parameter, g is the gravity

acceleration, z is the height of isobaric surfaces, w is the indi-

vidual rate of change of pressure (dp/dt), T is the temperature,

R is the gas constant, h is the rate of heat addition per unit

mass, u and v are respectively the longitudinal and meridional

component of the velocity, and F1 and F 2 are respectively the

longitudinal and meridional component of the Reynolds and

molecular stresses. For large-scale atmospheric motion, F 1 and

* F, represent the sum of molecular frictional force and the

Reynolds stress force due to eddies of high frequencies.I
2.3 Power and Cross Spectra in Wave Number Frequency Space

Let q(",,t) be a real, single-valued function, which is piece-

I wise differentiable in a normalized domain, 0 < 1, t ' 27, where X

i and t stand, respectively, for the longitude and time. The

Fourier transform of q(\,t) may be written as

I
I
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where Q is the Fourier coefficient and k is the wave number. The

inverse transform of (2.6) gives q(\,t) expressed in terms of its

Fourier coefficient as

q(X,t) - Q(k,t)e ikA (2.7)

ikm-w

Here the summation of the Fourier coefficient Q with respect to

the integer wave numbers is the consequence of the cyclic distri-

I bution of q(,,,t) along latitude circles.

Consider the same conditions for another scaler function

m(X,t) with a Fourier transform M(k,t). it can be shown that for

functions m(X,t) and q(X,t) we have

. 27 k
21 7 e-ik\ M(j,t) Q(k-j,t) (2.8)

Letting k- 0, then j = k, we obtain

I
~ j" m( ,t) q('A,t) dA = M(k,t) Q (k,t)

0I
1-

=, [M(k,t) Q*(k,t) + M*(k,t) Q(k,t)]

I
I where Q (k,t) is the conjugate of Q(k,t).

12.4 Energy and Transport Equations in the Wave Number Frequency:

Space

To analyze the evolution of the kinetic and available

I
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potential energy associated with waves of various wavelengths, we

I shall express the kinetic and available potential energy equations

in the umve number frequency space. To do so, we shall first

express the governing equations (2.1) to (2.5) in the wave number

domain. This can be accomplished by applying (2.6) and (2.8) to

(2.1) thru (2.5). The governing equations in the wave number

I domain become

U(k,t) =" 
- taik [U(jt)U(k-jt)]

I a os

I + I [ U(j,t)V(k-j,t) cosa cosp

+ [U(j,t)W(k-j,t)]p l tan V(j,t)U(k-j,t)}

p aI
+ fV(k,t) - ik gZ(k,t) + G,(k,t) , (2.9)Ia cosz A

r { ~~~ik VjtUkjt
V(k,t) -- - k ,

+ --~~{ [V(j t)(k-j, t) s
a coso

+ I [V(j, 0)V(k-j ,t) Cos,)
a cosoD

+ [V(j',t)W(k-j,t) ] + - tanU(j,t)U(k-j,t)p a

- fU(k,t) -
g Z (k,t) + G2(k,t) (2.10)I a 2

Z (k,t) -L _9(k,t) (2.11)

II

(k,:) = T'ik U(k,t) + [V7k.t)coso) , (2.12)

I
I,
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1 1k
8(k,t - 'acos ( , U( k-j,t)I

+ I ( '(jt)V(k-jt)cost1 + [0(j,t)W(k-j,t)]
a~cos

S(j,t)W(k-j,t) 1 + - H(k,t) (2.13)icpp P C
c p cp

Subscripts 0 and p denote partial differentiation with respect to

5 . and p respectively, and the Fourier coefficients of physical

variables are listed as follows:

q uv .zTh F

~1 2
Q U V WZ a HG 1  2I

Let the kinetic and available potential energy per unit mass

I of waves in the wave number domain be respectively denoted by

EK(k,t) - U(k,t) 2 + iV(k,t)t 2i , (2.14)

EA(k,t) p y(k,t)!2  , (2.15)

where y c(T - cRp T/3p)! and T is the mean zonal tempera-

ture.

The kinetic and available potential energy equations in the

wave number domain can be shown to take the form

IEK(kt) NK(k,t) + MK(k,t) + AK(k, t) + NKB(k,t)

- AKB(k,t) + GK(k,t) , (2.16)
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EA(k, t) NAWk,t) + M(k,t) + KA(k,t) + NAB(k,t)

I ~~+ HA(k,t) ,(.7

I where

INK(k,t) =NKI(k,r)+NK2(k,t) + N3kt

g = - y F i U(j,t)[U(-k,t)U(k-j,t) - t(k,t)U(-k-j,t)]
'a cos

;-0

+ V(j ,t) [V( k, t)!r(k-j ,t) - V(k, t) Ij(-k-ji tt) I

L '0 Y - {U(j,t)[tJ C-k, t)V~k-j,t) +U ktV-jt)

100
+ V , t) [V (-k, t)V(k-j,t) +V (k, t)V(-k-j ,t)I

tan'

+- 1 U V(J,t) [(-k,t)U(k-j,t) + (k,,)U(-k-j,t)]

-7 U(j,t) [U(-k,t)wk-j,t) + (k,t)W(-k-j,t) I

#0

L + Vj, t) [V C -k, t)W(k-j ,t) + V P (k, t)W(-k-j~t)]j (2.18)

I is the contribution of the nonlinear wave interaction to the rate

of change in the kinetic energy of waves of wave number k; N'K1,

NK2, and NK3 are respectively the nonlinear interaction associated

with the longitudinal, meridional, and vertical gradients of the

I velocity;
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'A.(k,t) = MKl(k,t) + M2(k,t)

M "[T-(k,t)v(-k,t) + TT(-k,t)V(k,t)] Cos u "
a cos$ "t

2iU(k't) 2 tan -2 iV(k,t)!2 vo

- {[U(k,t)W(-k,t) + U(-k,t)W(k,t)] up

+ [V(k,t)w(-k,t)1-t V(-k,t)W(k,t)] Vp} (2.19)I p

is the contribution of the interactions involving waves and the

zonal mean flow; MKI and MK2 are respectively the interactions

I iassociated with the meridional and vertical gradients of the zonal

mean velocities;

AK(k,t) =- [W(k,t)e(-k,t) + W(-k,t)e(k,t)] (2.20)SI p

is the contribution through the conversion of available potential

j energy to the kinetic energy;

ZNK(k,t) NKB1(k,t) + NK32(k,:)

I 1 acos± ;U(j , t)[U(-k, t) V(k-j',t)+U(kt) V(-k-i ,t) zos
j z-

I + V(j,t) V(-k,t)V(k-j,t) +V(k, t)V(-k-j,t) Icas4}r

- L ytJ(j ,t) [U(-k,t)W(k-j ,t) + U(k,t)W(-k-j ,t)]

#o

1 + v(j,t) [V(-k,t)W(k-j,t) + V(k,t)W(-k--;, t) ]p (2.21)

is the contribution of the meridional and vertical convergence ot

the nonlinear wave interactions;
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AMB(k, t) AM 1 B(k, t) + AUB2 (k, t)

= a 4 {[V(k,t)Z(-%,t) + V(-k,t)7.(,t)cost

g - gW(k, t) Z(-k, t) + W (-k,tQ)Z(k, t)} (2.22)

3 is the contribution of the meridional arnd vertical convergence of

geopotential flux;

GK(k,t) - T(k,t)G (-k,t) + U(-k,t)G (k,t1)

I+ V(k,t) G,(-k,t) + %7(-k,t)G,(k,t) (2.23)

I is the contribution of the Reynolds and molecular stresses.

1NA(k,t) IA1(k,t) + NA2(k,t) + NA3(k,t)

-- I (j ,t) [-3(-k, t) !(k-j ,t) - 8(k, t)7(.-k-4, t)I~~~ j- acoso

a+~ (j ,t) [V(k-j ,t) a (-k, t) + V-k-j ,t) 5 (k, 0)

I+ c Y 6 Q t) {'W(k-j ,t) a-. 9(-k, t) + e3 (-k, t)7

p

+~~~ W(k- 3 ) (k, t) + '3 (k,tJ(.4
L.p p
p

is the contribution of the interactions of temperature and

velocity waves to rate of change of the available potential

energy associated with waves oi wave number k; NAl, NA2, and NA3

I are respectively associated with the lon~gitudinal, meridional,

and vertical gradients oil temperature;
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MA(k,t)= - 2 [V(k,t)6(-k,t) + V(-k,t);;(k,t)]T (2.25)a aD

gis the contribution assocaited with the meridional gradient of the

zonal mean temperature;

NAB(k,t) -NABl(k, t) +NAB2(k,t)

= -oC- - {[(-k,t)V(k-jt)+e(k,t)V(-k-jt)3(j,t)cos;}l

+c y{e(j,t)[6(-k,t)W(k-j,t) + 9(k,t)W(-k-j,t)I'r (2.26)
p JI

is the contribution of the meridional and vertical convergence of

flux of available potential energy;

j HA(k,t) v{ (-kt)H(k,t) + B(k,t)H(-k,t)'r (2.27)

is the contribution of the diabatic heating or cooling and eddy

flux of available potential energy in the atmosphere; and

KA(k,t) = - AK(k,t) (2.28)

Since we are interested in the evolution of kinetic and

l available potential energy, let us apply the Fourier time trans-

form to energy spectrum EQ(k,t) and obtain EQ(k,n). The inverse

I transform of EQ(k,n) may be written as

i[nt + EQ(kn) (

EQ(k,t) EQ(k,n)e dn (2.29)

where n is frequency.

It can be shown, by expressing each term in (2.16) in thei i!

-- A

/ - a2,
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form of (2.29), that (Kao, 1977)

i- [jEK(k,n) isin(nt -1/2)] - n!EK(k,n) sin nc

INK(k,n) sin[nt+ aNK(k,n) - i (k,n) - -/21
NK EK

I + IM(k,n) tsin[nt+a MK(k, n) - ,EK(kn) - /21

+ ;AK(k,n)Isin[nc+ AK(k,n) - aEK(k,n) - -/21

+ NKE(k,n) Isin[nt+n . (k,n) - IEK(k,n) - r/2]

+ AKB(k,n) Isin[nt+ aAKB(k,n) - aEK (k, n) - -/2]

+ GK(k,n)sin [nt+ GK(k, n) - aEK(k,n) - T/2],k,n#O. (2.30)

IEquation (2.30), which shows the phase shift between the rate

gof change of kinetic energy of wave number k, frequency n, and

NK(k,n), MK(k,n), AK(k,n), etc., provides valuable information

regarding the contributions of various mechanisms to "he rate of

change of waves with amplitude IEK(k,n)'.

I Similarly, it can be shown by expressing each term in (2.17)

5 in the form of (2.29) that

i [IEA(k,n)isin(nt- -/2)] = nEA(k,n) sin nt

= NA(k,n) sin[nt+ NA(k,n) - 3E (k,n) - /2]
:4NA EA

I + IMA(k,n) sin nti.- aA(k, n) - EA (k,n) - /21

1 + KA(k,n) sin[nt+ 7±A(k,n) - A(k,n) - -/21

+ INAB(k,n) ! sin[nt o AB (k,n) -" -A(k, n) - -/2]

4- AIk,n.) sini(nt+ L.Ik. n) - " ,,n) - /21k,n#O0. (2.31)

I

-' .,. .i__ _____"_'__



1 13
It can be shown by eliminating KA and AK from (2.30) and

I (2.31) that there is a phase shift of EA- 'EK ) between the

evolution of the kinetic and available potential energy of the

transient waves.

For the zonal mean flow, we have the following equations for

kinetic and available potential energy

3EK(OC) = MK(O,t) + AK(O,t) + AKB(O,t) + GK(O,t) (2.32)I
EA(Ot) MA(O,t) + KA(O,t) + HA(O,t) , (2.33)

where

3 K(O,t) = - (k,t) , (2.34)
k=1

A(0,t) = - MK(k,t) (2.35)

i It can be shown by expressing each term in (2.32) and (2.33)

in the form of (2.29) that

EK(0,n) ;sin(nt- -T/2) = njEK(0,n) sin nt

I =iMK(O,n) sin[nt+a O,n) -i EK(0,n) - r/21

I + !AK(O,n) sin[nt + aAK(0,n) -a EK(O,n) - -/21

i + AKB(,n) !sin[nt+ aAKB(),n) - ovK( ) -((2n

+' GK(,n) sin[nt+-GK(0,n) - YK(0,n) - -r/2), n#O , (2.36)

I
I

A .
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[ EA(0,n)sin(nt- r/2) ] n'EA(O,n) sin nt

= IMA(O,n)!sin[nt+c MA (O,n) -EA n- -T/2]

I + 'KA(On)isin[nt+- KA (0, n) -a EA(O,n) - r/21

3 + IHA(O,n) isin[nt+ tA(O,n) - OEA(O,n) - -r/2] , n#O. (2.37)

3 For k 0 0, n - 0, i.e., for stationary amplitude waves,

(2.30) and (2.31) reduce toI
NK(k,0) + MK(k,O) + AK(k,0) + NKB(k,0) + AKB(k,O) + GK(k,0)

I =0, k # 0, (2.38)

NA(k,0) + MA(k,O) + KA(k,0) + NAB(k,O) + HA(k,0)

=, k# 0 . (2.39)

For k = n - 0, i.e., for stationary mean flow, (2.32) and

I (2.33) reduce to

I K(0,0) + AK(0,0) + AKB(0,0) + GK(0,0) = 3 (2.40)

MA(0,0) + KA(0,0) + HA(0,0) = 0 (2.11)

The above four equations show that the mechanism for the

maintenance of kinetic and available potential energy of station-

ary amplitude waves and stationary mean zonal flow depends on the

balance of wave interactions (NK, NA), interactions between waves

and mean velocity and temperature fields (MK, MA), conversion of

energy (AK, KA), effects of eddy and molecular stresses (GK),

diabatic heating (HA), and fluxes of kinetic and availableI
I

_ _ _ _-I-
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potential energy at boundaries (AKB, NWK).

g It may be pointed out that, when GK and HA are determined as

the residue of (2.16) and (2.17), these terms also contain the

sub-scale wave interactions, and therefore can act either as

energy sources or energy sinks.

I

!

I
I

I
I

I



CHAPTER 3

DATA AND COMP17ATIONAL METHODS

3.1 Data Sources

Twelve hourly National Meteorological Center (NMC) and Air

Force (AF) gridded anlayses of meteorological data were used in

this study. The single data source for all computations carried

out between 20*N and 85'N was the NMC analysis, while all computa-

tions done between 350 S and 15*N relied completely on AF data.

Since the NMC data were gridded on a polar stereographic projection

and the AF data wre gridded on a Mercator projection, a Bessel

interpolation scheme was applied to both to arrive at a common

spherical grid with data existing at each 5' latitude and longitude

intersection. The U-component and V-component of the wind derived

from NMC data were then rotated so that the U-component was posi-

tive to the east and the V-component was positive to the north.

The AF winds were also rotated in this sense.

Before beginning actual computations, cur first objective was

to secure a complete data base, free of all missing data, for each

OZ and 12Z data period. Isolated missing fields of height and

temperature were constructed by linear interpolation in time.

Missing wind fields in ...C data were either constructed geostrophi-

caily from observed height data, or were iinearl> interpolated in
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time if the height field was also linearly interpolated in time.

I Since NMC wind fields were not available on the 12Z cycle at 50 mb

and 10 mb, these winds were always obtained geostrophically. For

the Air Force tropical grid, winds were not available at 1000 mb

gor at 10 mb. In these cases, the 850 mb and 20 mb wind was used,

respectively. Height fields were also not available at 1000 mb in

I the Air Force data. These fields were constructed hydrostatically

from the 1000 mb temperature and the 850 mb height and temperature

fields. All other missing Air Force data was obtained using

linear interpolation in time.

Applying the above operations produced a complete data base

of temperature, U-component of the wind, V-component of the wind,

and height for each OZ and 12Z period at 1000 mb, 850 mb, 700 mb,

500 mb, 300 mb, 20n mb, 100 mb, 50 mb, and 10 mb levels. Data

Icoverage in time included 1 DEC 1973 through 28 FEB 1974 and I DEC

1975 through 28 FEB 1977 for NMC data and 1 DEC 1975 through 29

FEB 1976 and 1 JUN 1976 through 31 AUG 1976 for Air Force data.

3.2 Omega Computation

l In order to proceed with the computation of the individual

terms of (2.16) and (2.17), omega fields for all data periods and

I levels were required. Our first attempt involved the computation

of "adiabatic" omegas as done by Reed et al. (1963) and Muench

(1965), among others. Neglecting heat sources in (2.5) and solving

1 for w gives

II
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a cos GX a (3.1)fRT 3T 31
cpP P)

As pointed out by Miyakoda (1963), the results generated by this

equation are unreliable, due to the adiabatic assumption. Under

some conditions, it is possible to generate w values of order

3i I 10 mb/day using (3.1). In addition to these extreme values, large

average values also result.

An alternate method of computing omega values from the

I divergence of the wind field using (2.4) was suggested by O'Brien

(1970). However, it must be pointed out that most wind fields

1used in this study were produced by Flattery's Method (1967).

These wind fields are essentially horizontally non-divergent, and

are not suitable for computations based on divergence. Instead, a

I method similar to that recommended by Perry (1967) was used.

Following Perry, the quasi-geostrophic vorticity equation,

acs+ .a (3.2), [)p f t a cos 3 a ,o

was solved for 3w/3P at all latitudes north of 5°N and south of

5*S and at all pressure levels listed in section 3.1. In (3.2),

I n = ; + f, f = 2 2 sin , 2 is the earth angular velocity, and

S I ;v I u u tan (33)

acos D c., a 3e - a

I A smoother to eliminate 2LX waves was passed once over the *omputed

n fields before computation of i/ P and once over the 3',/.P fields

1'

___ __ __ _ ,.)7
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themselves. Values of 3w/aP at 5°N, Equator, and 5°S were obtained

by linear interpolation in latitude. Using the algorithm of Conte

and deBoor (1972), a cubic spline was then passed through all nine

pressure levels and anchored at P = 0 mb and P = 1010 mb by

9 2
boundary conditions of ;w/3P = 0 and '/ P- = 0. It should be

pointed out that the choice of boundary values in these computa-

i tions is rather arbitrary, since the computed values of ;w/;P at

P = 0 rob, P = 1000 rob, and all other intermediate levels tend to

produce nearly the same cubic spline for any reasonable boundary

I values selected. To verify this, two different sets of boundary

values were tested.

I These were

-- ] = 0 (3.4)
4Pj=O ;P2 P=OI P-1010 P=I010

and

i)P P= O Pj P= 0
I 0P=10 P=1000

i p2,1P- )P Pl

3P .P0 P1O0O

P=1010 P-1000

Table I shows two examples of results obtained at 50 °North latitude

by application of (3.4) and (3.5). At 55'East, the column of

omega values produced using (3.4) shows smaller omega values near

the boundaries, and larger values near the middle troposphere whileiI

i'f
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1
I

Table i. Values of omega (mb/sec x 10 ) resulting from application
of boundary conditions given by Equations (3.4) and (3.5).

Location: 50"N/55 0E 50ON/170°W

Boundary (3.4) (3.5) (3.4) (3.5)
Equation:

10 mb -.44 -1.10 .27 .15

50 mb -.21 -.65 .30 .14

100 mb -.60 -.90 .39 .18

200 mb -.08 -.63 .39 .19

300 mb .67 .2Q .46 .29

500 mb 2.20 1.80 .52 .36

700 mb 2.30 2.00 .46 .35

850 mb 2.60 2.30 .63 .38

1000 mb .66 1.50 -.26 -.12

1
I

ii
!4

-- w .
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applying (3.5) produced these features at 170°W. In spite of typi-

Ical magnitude differences, as shown in Table 1, appiication of (3.4)

and (3.5) nearly always produced the same general vertical velocity

structure with regard to sign and order of magnitude. Overall,

however, the 55*E case shown in Table 1 was most typical, and

(3.4) was selected for use in this study because it generally

gave smaller omega values near the boundaries and slightly larger

values near the middle troposphere.

After application of (3.4) and passage of the cubic spline

through all levels, values of ;w/3P were then obtained directly

from the spline at increments of 10 mb from P = 0 mb to P = 1010

mb. To determine values of w from the values of 3w/3P a modified

"shooting" technique as follows was used.

Let the derivative, 9/;P, to be represented in finite dif-

ference form by the leap frog approximation,

W/ p= i+l i-1 (3.6)

2.P

so

W = A(P )2AP + w + W , (3.7)
1i-l 'i .-I

where A(P) = (Ow/P) . Two sequences of wi+l were then

generated using (3.7) by beginning with two different approxi-

mations to the derivative at 10 mb. In generating these sequences,

we also specified w = 0 at P - 0 mb. Our goal was to construct a

column of j values such that the 3w/P values at each level were

not violated and which would be zero at both P 0 -nb and

.w
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P = 1010 mb. Note that requiring ,j= 0at P= 0 mb and P = 1010 mb

appears to be an overspecification of (3.2); however, this will be

seen to be possible due to the use of the three point recurrence

relation (3.6) to approximate 3w/3P. Let the first approximation

to the derivative at 10 mb, which is used to generate the first

sequence, be

(1) - W(l))u/ A(P1  (3.8)

I
where the superscript represents sequence one. From (3.8) we have

(J) = APA(P) + 1) (3.9)I
or

S(1) = -2 AP , (3.10)

since 0. The second approximation to the derivative is

(w(2) (2)) AtP (3.11)

I from which

i= P ArP1  (3.12)

From (3.11) and (3.12) we may now write

I
I

I
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(I) ,2.P AiP ( ij) +2 , 2AP A + (2)

2 -1' o 0

i() = 2aP ( () (2)

(1) = 2AP A(Pn l + () (2)n- 2AP A (Pn -1 + ( 2 )
n -n 2 ; -

5 () 2AP A(P) + W ; (2) 2AP AP)+ (2) (3.13)

n+1. n n-1 n+ 1 n n-I

I Since both sequences of (3.13) will satisfy (3.2), a linear com-

bination of these sequences will also satisfy (3.2). The linear

combination we choose will be the one which will force w = 0 at

I P = 1010 mb. That is, let

I() + (i-x) W(2)= 0 (3.14)n1+1 n+l

I or,

(2)

S (1) (2) (3.15)
n+l -n+lI

Substituting from (3.13), ;. is solved from (3.15) and a third

sequence is generated as

W (3) i-n+l (1) + (2) (3.16)

Solving (3.14) gives j values at all levels which are consistentI

I -
' w
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with the 3'/3p values produced by the spline and which are exactly

S zero at P - 0 mb and P = 1010 mb.

Since the current study is more concerned with the general

condition than the individual condition at a specific layer, the

w values produced by (3.16) were layer averaged as

2

10mb-- 1i 0 lOij/3

8 1550omb I i L 2 10i '. 100 mb i5 j0i) l

200 mb " i 10 I0' 'u 300mb [i2 1I0 i '

(90
= ) .U 1 = l ' .(17850mb i 'I0iJ ' 1000mb 19 0 3

The w values produced by (3.17) are those used in the current study

and are shown for the 1975 winter season in Figure 1 along with the

corresponding omegas compiled using the adiabatic assumption over

the same data. It is seen that the quasi-geostrophic omegas are

smaller than the theromodynamicomegas at all wavelengths, and this

is especially true at very short and very _ ng wavelengths. The

maximum at k = 7 is common, indicating that synoptic scale systems

produce the greatest vertical velocities. Note that the mean value

over the season for the quasi-geostrophic omegas is nearly an order

of magnitude smaller than the mean value for the adiabatic omegas.
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Figure 1. Omega power spectra determined with
the use of the thermodynamic and vorticity
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the 1973-76 winter season at 500 mb.
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3.3 Fast Fourier Transform Computations

After the complete data set of ., T, U, V, and Z at all

levels and for all time periods was determined, the data were then

transformed in wave number domain using the standard fast Fourier

S transform package supplied to us by the National Center for

g Atmospheric Research (NCAR) software distribution service.

Transforms in time also used this package, but the data were modi-

5 fied by removing both linear trends in time and by application of

a cosine bell tapering window, recommended by Bingham et al.

i (1967). In all time transformations, time is normalized as

t = 27/t', where t is normalized time, T is in the period over

which the transformation is done and t' is real time. Note that

i as t' ranges from zero to T, t ranges from 0 to 2r, giving the

cyclic order required of data to be transformed.!
3.4 Miscellaneous Computational Techniques

7
All numerical quadrature in latitude was accomplished using

the Cote's formulation presented by Frdberg (1969), whereas verti-

cal integration was accomplished by passing a cubic spline through

I all levels and then integrating the resulting cubic spline exactly

3 between the levels desired.

Finite difference approximations to derivatives in latitude

were centered except at 85*N and 35°S, where one-sided differences

were used. Centered differencing in pressure was also used

I throughout, where all term values at P = 0 mb and P - 1010 mb were

assumed to be zero.

I
1-

__'________.__.-___ I, ...
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CHAPTER 4

SEASONAL MEAN FLOW, TEMPERATURE, SPECTRA,

I BOUNDARY TRANSFER, AND ENERGETICS

4.1 Distribution of Mean Flow and Temperature

Figure 2 shows the mean zonal wind for the winter of Dec 1975

through Feb 1976. The maximum average U-component of the wind

appeared at 60*N at 10 mb. A secondary maximum, the winter middle

latitude jet stream, was seen at 30*N centered at 200 mb. A minor

westerly maximum was also observed near 20ON at 10 mb. The major

easterly maximum was seen near 10 mb at 350 S, and a minor easterly

maximum was found near 1000 mb at 10"N.

The sudden stratospheric warming that occurred during the

winter season described above was classified as a minor warming,

while the warmings that occurred during the 1973-74 and 1976-77

j winter seasons available in our data base were classified as major.

Since we hope to derive general conclusions concerning the energy

I exchanges in the atmosphere, we have chosen the 1975-76 winter

Iseason, our least perturbed winter season, to be the primary season

for our study. In a" diagrams and discussion to follow, then,

I winter will always refer to the Dec 1975 through Feb 1976 season

unless otherwise specifically stated.

I Figure 3 presents the mean meridional flow for the winter

season. The diagram was constructed by first plotting omega

I

• . ., . - ' '-I .
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values in mb/sec (X 104 ) as a vertical vector and the V-component

of the wind in m/sec (X 102) as a horizontal vector. In the cur-

rent scale of the diagram, I x 10- 4 mb/sec or 1 x 10 2 m/sec is

equivalent to 2/3 cm. A "vector sum" field was then constructed,

3and this was streamlined to produce the flow shown on Figure 3.

While at first glance it may seem improper to construct a vector

S sum of two vectors with different units, it should be pointed out

that dividing omega in mb/sec by the product of density and gravity

gives the corresponding vertical velocity in m/sec. These values

would be considerably smaller than the values of the 7-component

of the wind, and still more scaling would have to be done to pro-

duce a reasonable picture of the circulation. Essentially, the

diagram was constructed directly from the mb/sec values because it

required less work to do so and because the end results would be

the same if the mb/sec values had been converted to m/sec.

In Figure 3, the Northern Hemisphere troposphere is charac-

terized by two direct circulation cells appearing between 20°N and

40*N and between 60°N and 80*N, and an indirect cell between 45N

and 600N. Another major feature shown in this diagram is the

apparent flow from low levels in the tropical regions upward and

northward into the middle latitude stratosphere. This major fea-

ture will be discussed in detail in section 4.3.2.

Figure 4 shows a cross section plot of the mean omega computed

from the quasi-geographic vorticity equation (3.2). The dashed

curves in this figure are lines connecting the terminal points of

tae omega vectors with startinS points located on each pressure

L " 4
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level. Since these curves represent the seasonal mean flow, they

S appear to indicate the presence of standing waves generated in the

area of maximum vertical velocity at 5*N. Perhaps tropical regions

impose a greater dynamic effect on the mean circulation in the

middle and high latitudes beyond the Hadley cell? In addition to

the primary maximum at 5*N, Figure 3 also shows a secondary verti-

Ical velocity maxima about 500 mb near 25*S. Comparing these two

upward vertical velocity maxima with the mean zonal flow shown in

Figure 2, it is seen that vertical velocity maxima occur between

westerly and easterly jet streams, and are not necessarily asso-

ciated with areas of maximum heating. This appears to be a feature

generated by use of the quasi-geostrophic vorticity equation, and

will also be seen for the summer season discussed below.

Figure 5 depicts the mean temperatures observed during the

winter season. Note the extremely cold temperatures centered at

100 mb in the region of the high tropical tropopause. These cold

temperatures are found directly over the area of maximum vertical

velocity shown in Figure 4. The region where the upward vertical

velocity maximum intersects the extremely cold temperatures will

be seen to be an area of strong conversion of kinetic energy to

available potential energy.

IIn addition to the winter season discussed above, we also

collected and processed all data continuing through the following

win.ter season. We have chosen to present the 1976 summer season,

consisting of June, July, and August, for reasons similar to chose

given above for selecting the winter season. That is, theseI
I
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summer months were ina quasi-stationary state, free of the contin-

ually increasing temperature and decreasing wind intensity of

i March, April, and May, and of the decreasing temperature and

increasing wind intensity of September, October, and November.

Figure 6 depicts the mean zonal wind for the summer season.

Two major westerly jets are seen at 35*S and 450N centered at 200

mb. The greatest westerly intensity is again found in the winter

hemisphere. A major easterly maximum was observed at 10 mb near

15°N, and extended southward .and downward into the middle tropo-

sphere over the equator.

The mean meridional flow for summer was constructed exactly

as it was for the winter season and is presented in Figure 7.

Again, the Northern Hemisphere troposphere was characterized by

three cells. The Hadley cell remained essentially as it was during

winter, but the northern two cells were much weaker and in the

reverse sense of that observed for winter. A strong direct circu-

lation cell between 10*S and 30*S was also seen. A strong flow em-

anating from low levels just south of the equator was seen to move

upward and southward into the Southern Hemisphere stratosphere. This

flow is essentially the mirror image of that observed during winter.

The mean cross section plot of omegas for summer is given in

Figure 8. As for the winter season, the major upward vertical j
velocity maximum at 5*S falls between the major westerly and

easterly zonal jets shown in Figure 6. A minor upward vertical

velocity maximum was also seen at 20 N.

Figure 9 shows the mean summer temperature cross section.

4 ++...j
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Again, the coldest temperatures observed in our region of study

was at 100 mb above the equator, directly over the area of maximum

upward vertical velocity. This will also be seen to be a region

of strong mean conversion of kinetic energy to available potential

I energy.

4.2 Seasonal Mean Spectra

4.2.1 Mean power spectra distribution

Figures 10 through 17 show the distribution of the seasonal

' mean power spectra of omega, height, U-component of the wind,

V-component of the wind, kinetic energy, and available potential

energy denoted, respectively, by E Ez, Eu, E, EK, and EA.

Temperature spectra are not included, since they have a similar

distribution as A. Winter spectra are given for the 30*N to 60'N

I latitude band because these are of greater intensity than corres-

ponding spectra for the summer season. Similarly, summer spectra

i over the 15*S to 15N latitude band are chosen because they demon-

strate greater intensities than the corresponding winter spectraI
over the same band. The 500 mb level has been selected to be

I Irepresentative of the troposphere, and the 50 mb and 10 mb levels

have been chosen to represent the stratosphere.

SI Area average of a quantity over the latitude bands selected

was accomplied by applying

f ( ) dA
I A - $ (4.1)

dA

I

_. .
I , .
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where () represents the parameter to be averaged. Equation (4.1)

I may be expanded as

2 2,,

f f ( ) (acosp dX)(ado)
(4.2)

2,T
f f (a cos dX) (a dO)
;i 0

1 ( ) cos d , (4.3)
(sin 2 - sin i2 1 l

since the quantity in parenthesis is a function of wave number

and, therefore, independent of longitude X. That is, numbers

plotted in Figures 10 through 17 are per unit area values, not

values of total energy.

Figures 10, 11, and 12 show the mean power spectra observed

at 500, 50, and 10 mbs during the winter of 1975-76. A striking

feature seen in Figure 10 is the relative minimum value of wave

number 2 appearing in the power spectra for E , E , EA, and EK.w U

For comparison of this feature, we have included the corresponding

spectra for the 1976-77 winter season (Figure 13). Note that a

relative minimum value does not occur for the power spectra pre-

sented in Figure 13. In fact, a relative maximum value is seen

instead. Power spectra for 1973-74 E demonstrate a strong "dip"u

at wave number 2, although a relative minimum there is not

actually achieved. When the behavior of the power spectra at wave

number 2 is compared with the strengths of the sudden stratospheric

warmings that occurred during the three winter seasons discussed

above, we see that weak warmings correspond with relative small

it
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values of 500 mb kinetic energy at wave number 2, and that strong

I warmings correspond with intense values at wave number 2. To

better understand this feature, consider the cross section plot of

wave number 2 kinetic energy presented in Figure 25 of section

4.2.2. In this figure, a tongue of maximum kinetic energy is seen

to extend downward from the stratosphere over all latitudes north

I of 30*N. M{aximum or minimum values of the middle latitude kinetic

energy power spectrum at 500 mb may well be determined by the

extent to which the tongue of maximum kinetic energy shown in

Figure 25 extends into the troposphere. Therefore, we assume the

wave number 2 minimum observed for 1975-76 winter season to be

I real and more typical of the atmosphere not being affected by

extremes.

Figure 10 and 13 show middle latitude 500 mb mean spectral

distributions for the 1975-76 and 1976-77 winter seasons. The

distribution of E z in these figures is similar to that of A, as

required~ by the hydrostatic relation between height and temperature.

It is also seen that EK is similar to Efor low wave numbers, but

more closely related to Efor higher wave numbers. This is also
v

I required, since Eu contains more energy than E at low wave numbers,

and the reverse is true at higher wave numbers. It may also be

*noted in Figures 10 and 11 that E uand E vare proportional to k-

* I in the wave number range 7 to 15, demonstrating a characteristic

of two dimentional turbulence of large scale atmospheric motion.

The middle latitude tropospheric distributions of E ,shown

in Figures 10 and 1.3 are characteristic, showing maximum values at
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or near wave number 7. This indicates that the maximum vertical

I motion in the troposphere is primarily associated with synoptic

I scale waves (weather systems). The middle latitude stratospheric

distribution of E wshown in Figures 11, 12, and 14 show rather

characteristic flat profiles between wave number 3 and 7, with

relative maxima generally occurring at both wave number 3 and wave

I number 7. This indicates that stratospheric vertical velocity is

associated with both planetary and synoptic scale disturbances.

In the tropics, however, the maximum E ")is at wave number 4 in

both the stratosphere and the troposphere (Figures 15 through 17).

This implies that vertical motion in the tropics is primarily

I associated with the planetary waves rather than synoptic waves.

IAlso note that tropical spectra of E Wdemonstrate considerably

more energy in wave numbers 1 through 6 than seen in the middle

latitudes. It may also be pointed out that the distribution of

E uand E zin the tropics are quite dissimilar, since the geo-

Istrophic relation does not hold near the equator. I

I The distributions of Ev are quite variable, but the energy

peak in these figures always falls inclusively between wave number

2 and wave number 7.

4.2.2 Spatial distribution of mean energy spectra

FTigures 18 through 28 show cross section plots of average

I values of kinetic energy and available potential energy for wave

nubmers 0, 1, 2, 3, and the sum of wave numbers 1 through 210 for

the winter season. The kinetic energy plot for wave number 4 is
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also presented. Our discussion here will concern only the winter

season, since the intensities of kinetic energy and available

potential energy are greater for this season, and the dynamics at

work are more interesting.

Figures 18 and 19 present cross sectional distributions of

kinetic energy and available potential energy associated with the

I mean zonal flow, i.e., wave number zero. The kinetic energy dis-

tribution is exactly as expected from our earlier discussion of

seasonal mean U-component of the wind, and centers of maximum

kinetic energy correspond exactly with centers of maximumi mean

zonal wind velocity shown in Figure 2. However, the bimodal dis-

I tribution of tropospheric available potential energy may be some-

I what unexpected. The bimodal distribution of available potential

energy is strongly associated with the method of computation used

I for wave number zero. The distribution can be understood clearly

by considering the mean winter temperature cross section (Figure

5) and the following discussion. The mean values of available

I potential energy plotted for wave number zero are not computed

directly from the mean temperatures around each latitude circle,

I but are computed using temperature deviations defined by

T'-TL -TA '4.4)

Iwhere T' is the deviation from the area averaged temperature, T L
is the mean temperature around a latitude circle, and T Ais the

area averaged temperature given by (4.3). In this study there

were two computational. areas, determined by our two data sources.
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The northern region, where only NMC data were used, consisted of

S 20*N to 85*N, while data for remaining area form 15*11 to 35*S were

supplied by the Air Force. Applying (4.4) to the northern region

temperatures seen in Figure 5 will produce fairly large values of

I T' at the extremities of the region, and therefore large values of

available potential energy. The same effect will not be seen for

I the southern region, due to the relatively constant temperatures

g observed south of 20*N. Does this mean the results presented in

Figure 19 may be somewhat artificial? Probably not, as the concept

of available potential energy itself requires definition of an area

over which computation is to be done (Lorenz, 1955). One can only

I choose his area in a meaningful way. In the current study, the

I 200N southern limit is probably a reasonable one independent of

data source, since the southern edge of the Hadley cell (Figure 3)

is also at 200N.

Some extremely interesting features may be seen in Figures 20

I through 28. Consider first Figures 20 through 23, representing

spatial distribution of available potential energy for wave

numbers 1, 2, 3, and the summation of wave numbers 1 through 20.

I For wave number 1 (Figure 20), a strong maximum of available

potential energy appears all 10 mb near 65*N, with relatively weak

I values generally scattered abcut the troposphere. Figure 21, for

wave number 2, appears to show a transition feature, with the

stratospheric maximum greatly reduced and the appearance of a very

well defined, moderatelv strong, tropospheric maximum near 55'%'.

Wave number 3, shown in Figure 22, gives a reversed picture of
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Figure 20, and now a strong tropospheric maximum of available

I potential energy exists at 600 mb near 53*N. The stratospheric

maximum has completely disappeared. Figure 23 indicates that

total eddy available potential energy fluctuation has two maxima

of equal strength, one located near 65*N, 10 mb, and the other

near 50*N below 500 mb.

I The meaning of the sequence above is clear. Wave number 1 is

g of paramount importance in northern latitude stratospheric dynamics,

wave number 2 has nearly equal effect in the northern latitude

stratosphere as it does in the northern latitude troposphere, and

the wave number 3 is almost exclusively of great importance in the

I dynamics of available potential energy in the northern latitude

g troposphere.

The sequence of Figures 24 through 28 show similar features,

except for kinetic energy rather than for available potential

energy. In Figure 24, representing the distribution of the kinetic

I energy spectrum for wave number 1, very large values are noted in

the northern stratosphere, with a secondary maximum near the

middle latitude tropospheric jet stream. Wave number 2 (Figure 25)

3 shows a marked tendency to extend the stratospheric maximum into

the troposphere, although the extreme maximum values remain in the

stratosphere. Recall in the discussion of Figure 10, we assumed

that the extent of the transition into the troposphere was respon-

sible for the tropospheric minimum energy spectra values observed

3 for wave number 2. Figure 26, Zor wave number 3, shows the tran-

sition continuing, with nearly equal values for both stratospheric

-AIA
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and tropospheric maximum values of kinetic energy. Figure 27, the

I cross section for wave number 4, shows a continuation of thisu process, with the tropospheric maximum at 300 mb near 550N obtain-

ing twice the value of the major stratospheric maximum at 10 mb

I and 60*N. As in the case of available potential energy, the

summation over all wave numbers for kinetic energy also indicates

ii a composite of features just described. Again the interpretation

i is clear. Wave numbers 1 and 2 are vitally important to strato-

spheric kinetic energy dynamics, but show considerably smaller

I magnitude in the troposphere. It is also of interest to note that

the stratospheric warming itself is essentially a wave number 1

I phenomena. Wave number 3 has about equal influence on the strato-

sphere and troposphere, but wave number 4 operates primarily in

tropospheric kinetic energy dynamics.

I It may be noted that the eddy kinetic energy in the strato-

sphere is essentially the contribution of the extra-long wavesI I (k - 1, 2, 3, 4), whereas that in the troposphere is the contribu-

tion of both the planetary and synoptic scale waves. The eddy

available potential energy is essentially contributed by the extra-

I long planetary waves in both the stratosphere and troposphere.

1 4.3 Maintenance of Energetics of the Large Scale Waves in the

Stratosphere and Troposphere

4.3.1 Hemispheric averaging

I To anaiyze the major mechanisms of energy transfer within the

atmosphere, all terms of (2.16) and (2.17) were first averaged in
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time over the appropriate season. The time averaged distributions

I of kinetic energy and available potential energy were discussed in

section 4.2.2 and are presented in Figures 18 through 28. All

other time averaged distributions for the winter season which are

not specifically discussed in this paper, with exceptions of time

averaged boundary terms, are presented for completeness in

I Appendix A. The time averaged distributions were then averaged

over the mass of the Northern Hemisphere stratosphere and tropo-

sphere by applying

Q dM
M (4.5)

I f dM
M

where Q is any terms of (2.16) or (2.17). Expanding (4.5) we have

i 1 2 2 ,T

f f f (acos d.N)(add) dpI P2 i
l 1 (4.6)1 1 22

f 3 f - (acosPd )(ad ) dp
P2 1 0g

I or, in final form,

I i___________PI 2

1 1 z2

(P -P) (sin -sin f ; Q cos t d dz (4.7)I~~ ~ LP -P2 (sn i i2 'D I

The stratosphere was defined between 0 mb and 200 mb, while the

troposphere integration limits were 20 mb and III(" mb. All

averaged values were then plotted as shown in Figure 29. In dia-

l1 * .
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grams to follow, the averaged value of a given term of (2.16) or

1 (2.17) will be placed in the same location as the name of the term

as plotted in Figure 29. Terms of the kinetic energy equation

(2.16) appear on the right hand side of Figure 29, while terms of

the available potential energy equation occur on the left hand

side. All terms appearing in the upper portion of Figure 29 have

been integrated over the stratosphere for a given wave number,

g while terms in the lower portion of the figure were integrated

over the troposphere. Dashed lines represent energy transfer in

the stratosphere and solid lines represent energy transfer in

the troposphere. Note that two locations are reserved for each

I of NAB2, IKB2, and AKB2. These are vertical transfer terms and

give the flux of energy between the stratosphere and the tropo-

sphere. The upper location is for the energy transfer value per

unit mass of the stratosphere, whereas the lower location is for

the energy transfer value per unit mass of the troposphere. While

I the same amount of flux leaving the troposphere enters the strato-

sphere, the per unit mass value of flux averaged over the tropo-

sphere differs from the per unit mass value averaged over the

stratosphere. The numerical values appearing in the two locations

will not be the same, but they do represent the same amount of

I energy (the stratosphere value may, be obtained from the troposphere

value by multiplying the latter by 310/200). kiso, the two

plotted vertical flux values will niot be of the same sign, since

I one area (stratosphere or troposphere) is losing energy while the

other is gaining energy. The wave number for whi.ch integration
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was carried out will replace the "k" appearing within the circle

I on the right hand side of Figure 29. A brief description of each

term appearing in Figure 29 is given in Table 2. In discussions
to follow, the terms defined in Table 2 will frequently be used by

themselves without further explanation.

g 4.3.2 Mean energy transfer

Figures 30 and 31 show the results obtained for Northern

Hemisphere integration over the winter season. Note again that

terms GK and RA were determined as the residual of (2.16) and

1 (2.17), and therefore contain sub-scale wave interactions. Because

p of this, these terms can act as energy sources or as energy sinks.

The large amount of data presented in Figures 30) and 31 is

essential for detailed study of energy exchanges occurring in and

between the stratosphere and the troposphere, but makes the

I extraction of important general conclusions difficult. For this

p reason, we have summarized these complex figures in the simplified

model presented in Figure 32. Two types of arrows appear in this

3 model. External arrows are outside of "he small boxes representing

available potential energy and kinetic energy. Each external arrow

I is associated with an averaged term of (2.16) and (2.17) and

I corresponds to the locations specified in Figure 29. Each external

arrow points in the direction of predominant energy flow associated

with the term represented by the arrow. When numbers appear above

an external arrow, they represent wave numbers for which observed

I energy! flow direction is not the same as that indicated by the

arrow. Internal arrcws, appearing within the 'Kinetic and available



I 7
70

Table 2. Definition of terms contributing to the rates of change
of kinetic and available potential energy.

Term Definition

EK Kinetic energy

EK Rate of change of EK with time

NK Contribution of the nonlinear wave interactions to
EK

t

MK Contribution to EK of interactions involving waves
and the mean flow

AK Contribution to EKt through conversion of EA to EK

NKB1, NK32 Contribution to EKt by meridional and vertical
convergence, respectively, of the nonlinear wave
interactions

AKBl, AKB2 Contribution to EKt by meridional and vertical
convergence, respectively, of geopotential flux

GK Contribution to EKt of the Reynolds and molecular

stresses and sub-scale interactions

EA Available potential energy

EA t  Rate of change of EA with time

NA Contribution of nonlinear interactions of temperature
and velocity waves to EA

MA Contribution to EAt of interactins involving waves
and the meridional gradient of the zonal mean

temperature

NAB1, NAB2 Contribution to EAt by the nonlinear meridional and
vertical convergence, respectively, of flux of EA

KA Contribution to EAt through conversion of EK to EA

HA Contribution of diabatic heating or cooling and of
sub-scale wave interactions to EA,

I
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Figure 32. Model showing major average energy flow through the
stratosphere and troposphere for the Northern Hemisphere during
the winter season.
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potential energy boxes, represent the direction of major energy

I flow into and out of the available potential energy and kinetic

energy of the atmosphere. The numbers associated with internal

arrows indicate the relative strength of the energy input or out-

put. The most intense source or sink is labeled as "I", the second

most intense as "2", and so on. When two sources or sinks of

I energy are labeled with the same number, both are of the same

intensity.

Before discussing the major energy flow depicted in Figure 32,

some comments on wave number 0 are required. In striking contrast

to the wave number 0 data collected by Saltzman (1970), Figure 32

I shows that energy is primarily supplied through si b-scale inter-

i actions (G2C) in both the stratosphere and the troposphere. The

reason for this difference may be found in the area of integration

used in the current study opposed to the area actually integrated

by authors summarized by Saltzman. Nearly all authors referenced

by Saltzman performed integration between 20*N and 80*N, only six

ref erenced papers contained data above 100 mb, and onlyi two con-

I tained the 10 mb level. It should be pointed out that Flattery

I analysis data, used exclusively in this study, was not available

in 1970. With the above in mind, consider again the wave number 0

cross sections for omega and temperature (Figures 4 and 5). Note

that the intersection of maximum upward vertical motion with the

coldest observed temperatures occurs at 100 nib and 5*X, outside

the area of any of the integrations included in Satlzman's paper.

In the region where this intersection takes olace, strong
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conversion of kinetic energy to available potential energy must

I take place (cold air rising). This feature is seen clearly in

Figure 33, a cross section display of the winter mean energy con-

version values. Also note, in Figure 33, that tropospheric values

of AK south of about 15*N are negative. Inclusion of this addi-

tional block of negative AK in hemispheric integration, as was done

i in the current study, is all that is required to reverse the sense

of energy conversion for the whole hemisphere.

To demonstrate the above, we carried out integration from 9C*N

i to 20*N. These results are presented in Figures 34 and 35. A

model was also constructed from these figures, and is presented as

I Figure 36. Note that by simply changing the area of integration,

i we have essentially reversed the sense of energy flow through both

the stratosphere and the troposphere for wave number 0. That is,

in the stratosphere, the major energy input to the mean EA is now

seen to be the diabatic heating term HA. Some energy is trans-

Iferred into the stratospheric eddy EA through acticn of MA, but
most of the mean available potential energy is converted to mean

kinetic energy by way of AK. The mean stratospheric kinetic energ 7

I also recieves energy from the stratospheric eddy EK through MK and

through the vertical convergence of geopotential flux, AKB2. The

Imean stratospheric EK thus obtained, is now seen to transfer out

of the system through GK. In the troposphere, the mean EA also

receives energy from HA; however, the majority of tropospheric

I mean available potential energy transfers to tropospheric wave EA

through MA. The remainder of tropospheric mean EA becomes

a secondary source of tropospheric -nean EK through the
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conversion term AK. The primary source of tropospheric mean EK is

I seen to be energy transfer from tropospheric eddy kinetic energy.

The mean tropospheric EK now transfers into the stratospheric mean

EK through AKB2, or transfers out of the system by action of the

Reynolds and molecular stresses (GK).

While Figure 36 agrees completely with Satlzman' s work for

I wave number 0, we note a major departure from his results in the

lower half of the diagram representing the major energy transfer

sumer over wave numbers 1 through 10. In this portion of Figure

36, for both stratosphere and troposphere, GK is seen to be an

energy source, rather than a sink. For all wave numbers, except

I wave number 2, Saltzman showed this term as removing energy from

g the system. The reason for this difference is partly due to the

difference in the area of integration and partly due to the

inclusion of the boundary transfer terms, AKBl, AKB2, MKl, and

NKB2 in this study. In Figure 36, note that meridional boundary

1 terms almost always transfer energy out of the system. More

importantly, however, note that AKB2 always transfers considerable

energy upward. If the stratosphere and troposphere were lumped

together with an upper limit of vertical integration at around 30

mb, as was done by Saltzman, and if all boundary terms were

I included as part of the residual term (GK), then the current study

I would give results in almost complete agreement with those of

Saltzman. All major paths of energy flow for wave numbers 1

through 10 shown in Figure 36 are the same as those shown in

Figure 32, and are discussed below.
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With the above differences from past work in mind, let us now

I consider Figure 32, and follow the energy flow through the most

important path observed during the winter season. In the strato-

sphere, most energy is supplied through subscale interactions (GK)

I to the mean kinetic energy (EK). Additional energy inputs are seen

to be the vertical convergence of geopotential flux (AKB2) and

I transfer of energy from kinetic energy waves (MK). The mean EK is

subsequently converted to mean available potential energy (EA)

through KA and is then primarily transferred out of the system by

diabatic cooling (HA). Additional mean available potential energy

is transferred to waves of available potential energy in the strato-

I sphere through temperature, velocity interactions (MA), where it is

subsequently transferred out of the waves through diabatic cooling.

In the troposphere, the mean kinetic energy receives energy

through sub-scale interactions (such as thunderstorms) and transfer

of energy from tropospheric waves of EK. The majority of the

I tropospheric mean kinetic energy is then transferred to strato-

spheric mean kinetic energy through vertical convergence of geo-

potential flux. Conversion to mean tropospheric available poten-

tial energy through KA is seen as a secondary mechanism of moving

energy out of the mean kinetic energy. While some mean tropo-

I spheric EA is supplied by conversion from mean tropospheric EK,

I the contribution to the mean tropospheric EA through diabatic

heating is far more important. In fact, this energy input will

become the primary energy source driving major energy transfers

in both stratospheric and tropospheric waves of kinetic energy and

I

.. 3
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available potential energy. The process begins by transfer of the

mean tropospheric EA through MA to all tropospheric waves of avail-

able potential energy. This transfer from the mean EA is the major

energy source driving tropospheric EA wave dynamics. Energy input

to eddies of EA in this way is transferred out either through

diabatic cooling and sub-scale wave interactions or is converted to

kinetic energy in waves of the same wave number through AK, becoming

the major energy source for tropospheric EK waves. Some of the

tropospheric eddy EK now contributes to the tropospheric mean flow,

and some is transferred out of the system through GK. Most of the

eddy EK, however, is transferred to stratospheric eddy EK through

AKB2, where it becomes the primary energy input for stratospheric

EK waves. Some of the stratospheric EK transfers to the strato-

spheric mean flow by action of MK, but the majority of the energy

is converted to stratospheric eddy EA through KA. Finally, the

stratospheric eddy EA is transferred out of the system by diabatic

cooling and sub-scale wave interactions.

Results obtained from integration over the Northern Hemisphere

during the summer season are presented in Figures 37 and 38. Figure

39 gives the model for the summer season general energy glow, and is

discussed below.

In contrast to winter, the energy flow associated with the

mean EA had been completely reversed. Now diabatic heating becomes

the major energy input to the stratospheric mean EA, and strato-

spheric waves of EA become a secondary source. The mean EA isI then converted through AK to mean stratospheric EK. Energy from
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stratospheric waves of EK is also transferred into the mean flow.

i Some of the mean stratospheric EK is now removed from the system

through GK and southward meridional energy transfer by the pressure

work term AKBl; however, mosz of the energy is transferred through

AKB2 into tropospheric mean kinetic energy. Some of the mean

tropospheric EK is also transferred from tropospheric eddy EK

I through MA. In stark contrast to the winter situation, most of

the tropospheric mean EK is now removed from the system through

action of AKBl transferring energy to the south and through GK,

and only a small amount of the mean EK is converted through KA into

mean tropospheric available potential energy. As for the winter

case discussed earlier, diabatic heating is still the primary

source of mean tropospheric EA; however, unlike the winter case,

this energy input will not become the major energy source for all

wave energy transfers. Rather, other energy sources will be seen

to become dominant as we trace the path of major energy flow

Ithrough the system.
gAt this point, we also encounter another type of division of

energy not seen along the major path of energy flow discussed for

winter. The entire path of major energy flow for winter (Figure

32), starting from input of energy by HA to the mean tropospheric

IEA, was characteristic of all waves of wave number 1 through 10,

except in the very last step, where wave number 10 was an excep-

tion. For summer this is not the case, as waves of wave number 1

i and 2 do not act in the same sense as waves of wave number 3

through 10 along the major energy paths in the troposphere, andI
I
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waves of wave numbers 2, 3, and 5 operate in the reversed sense of

I waves of other wave numbers along the major energy transfer path

in the stratosphere. Despite these differences, the arrows drawn

in Figure 39 still represent the direction of major energy flow

through the composite system of wave numbers 1 through 10. The

reader should be aware of the differences above, however, if more

i specific conclusions from Figure 39 are desired.

i Returning again to the general path of major energy flow

shown in Figure 39, we see that the tropospheric mean EA obtained

i by contributions from HA andKA transfers to tropospheric eddy EA

through eddy heat transfer (MA), becoming the major energy source

I of tropospheric eddy available potential energy. Two other sources

of tropospheric wave EA are seen to be HA and nonlinear downward

energy transfer by NAB2. Tropospheric eddy available potential

energy now becomes the major source of tropospheric eddy kinetic

energy through the conversion term AK. An additional source of

I tropospheric eddy EK is the meridional convergence of geopotential

flux (AKBl). Some of the tropospheric eddy EK is transferred to

stratospheric eddy EK through AKB2 and some is transferred into

the mean flow by MK, but most of the tropospheric eddy EK is

removed from the system through GK. Whereas AKB2 was the primary

I source of stratospheric eddy EK in wInter AKB2 is the secondary

source in summer, with the stratospheric sub-scale interactions

embodied in GK becoming the most important energy input. Most

stratospheric eddy kinetic energy is converted through KA to

stratospheric eddy available potential energyz however, some of the

IL I
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wave EK is transferred to the mean flow EK through MK. Finally,

stratospheric eddy EA is primarily removed from the system by

diabatic cooling and sub-scale wave interactions.

Winter and summer integrations were not only carried out

for the whole Northern Hemisphere, but were also done for four

latitude bands. Southern hemisphere, tropical, middle latitude,

I and polar bands were selected, and are given for completeness in

Appendix B.

4.4 Energy Transfer at Boundaries

4.4.1 Development of linear boundary terms for the pressure
gradient force

Applying (2.14) to (2.9) and (2.10), one arrives at (2.16).

IAn important intermediate step in this computation involves the

pressure gradient force of (2.9) and (2.10). When (2.14) is

I applied to these pressure forces alone, the result is

-i [V(-k,t) Z (k,t) + V(k,t) Z (-k,t)

+ i L (-k,t) Z(k,t) - U(k,) Z(-k,t)] (4.3)
a cos tI

Substituting from (2.11) and (2.12) leads to

Ir
- ----- ik[U(-k,t) Z(k,r) - U(k,t) Z(-k,t)]

a cos tI
+ -- [(Z(k,.) V(-k,.) + V(k,t) Z(-k,t)} coso]

I Z(-k,r) 2 [V(k, t)cos ] -Z(k.t) ,+ (k~~o 1 49

I
I
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9 - [Z(-k,t) (k,t) + Z(k,t) P, (-k,t)]
p p

+ a I2 [{Z(k,t) V(-k,t) + Z(-k,t) V(k,t)} cos (4.10)cos a

I = -
g { os ac s [ Z(k,t) V(-k,t) + Z(-k,t) V(k,t) cos p ]

+ -2- [Z(k,t) Z(-k,t) + Z(-k,t) (k,t)]}

_ R [S(-k,t) (k,t) + -4(k,t) 9(-k,t)] (4.11)
P

I = AKBI + AKB2 + AK . (4.12)

That is, the effect of the pressure gradient force has been decom-

posed into a meridional pressure work term, a vertical pressure

work term, and a term representing conversion of available poten-

tial energy to kinetic energy. These terms are of great importance

in the atmosphere because the pressure gradient force generates

energy. AKB! and AKB2 will be discussed in detail later in this

section.

4.4.2 Integration of boundary terms

Boundary terms are given by (2.22), (2.26), and (2.21). To

i arrive at the meridional energy transfer from these terms, we

apply

I "/2 2-
1 B (acos Pd )(adz) -2 aB (4.13)

I

I
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where I/cos, 3B/3, is AKBI, WKBI, or NABI, and values of these

i terms at the north pole are assumed equal to zero. To produce the

g vertical transfer values, apply

P 2w
P f - (acossdX) dP = 2waCcos , (4.14)

0 0

I where 9C/ P is AKB2, NKB2, or NAB2, and all values at P - 0 mb are

assumed to be zero. Values produced by application of (4.13) and

(4.14) are total energy values, and therefore differ considerably

I from the per unit mass values discussed to this point. All figures

representing this type of integration are so marked by appending

I an "I" to the appropriate term as, for example, AKB21.

4.4.3 Characteristics of vertical and meridional energy transfer
in the atmosphere

I Figures 40 through 44 show cross section plots of the vertical

transfer that is the integrated value of AKB2I for wave numbers 1

through 20 summed together, and for wave numbers 0, 1, 2, and 3.

The dominant feature on Figure 40, the total eddy energy plot, is

a giant positive area over most of the Northern Hemisphere tropo-

sphere and stratosphere with strong maximum upward forcing at 250

mb near 45*N. A secondary maximum positive center is seen near

i 35*S at 100 mb, and four smaller negative centers appear at 100 mb,

10°S; 600 mb, 35*S; 10 mb, 80*N; and 300 mb, 15*N. This diagram

demonstrates two important features of vertical transport. The

Iiant positive center in the Northern Hemisphere and the large

positive center at 35S are both located just above maximum

II
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troposphere values of kinetic energy, as seen in Figure 28. Also,

just below the centers of maximum kinetic energy, there are cen-

ters of negative AKB2I. This structure would indicate that AKB2

vertical transfer can act in a dispersive way, tending to spread

high kinetic energy density from its maxima. On the other hand,

the positive AKB21 center at 5°N and the associated neighboring

I negative centers at 10*S and 15*N do not correspond to kinetic

energy maxima, but appear to be in response to the processes gener-

ating the maximum upward vertical velocities in the tropical

I region.

Vertical transfer of energy associated with the zonal mean

flow, wave number 0 (Figure 41), shows moderately strong upward

values over the middle latitudes at all levels above 7, 0 mb. Again,

extremely strong upward energy transfer is seen over the area of

maximum heating. A narrow band of downward transfer values is

seen to extend down from the stratosphere, to the north side of

I the maximum heating and around to the descent side of the most

intense Northern Hemisphere direct circulation cell. Many major

features of Figure 41 may also be seen in Figure 4 for the winter

mean vertical velocity; however, some features, such as the upward

transfer in the stratosphere at 60°N, would not be expected from

Figure 4 alone. The AKB2 term is essentially given by -,u'Z'.

This means that descent (positive omega) through an area of

Negative Z' can give positive upward values, and this is the case

I at 60*N in the stratosphere of Figure 41. Above 50 mb at 7"N, the

reverse situation exists, with negative omega intersecting an areaI
I
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positive Z'

For waves of wave number 1, 2, and 3, Figures 42, 43, and 44

show upward energy transfer in most regions of the Northern

Hemisphere; however, very strong downward propagation of energy

is seen for wave number 2 (Figure 43) in the polar stratosphere.

The strength of this feature may well determine the extent to which

the tongue of maximum EK values seen in Figure 25 penetrates into

the troposphere. The extremely strong wave number 2 upward trans-

fer below 100 mb at the equator is also not seen for wave numbers

9 1 and 3. In fact, in equatorial regions at all levels, the energy

propagation for wave numbers 1 and 3 is nearly opposite that seen

for wave number 2. Note that upward propogation of energy for

wave number 1 and 2 begins to become important at about 300 mb

above the equator, just at the center of maximum wave number 2

upward transfer. In the stratosphere above this area, wave numbers

i and 3 transfer strongly upward, while wave number 2 transfers

strongly downward. Tt appears that wave number 2 will tend to

gconcentrate energy near the tropical tropopause, while wave num-
bers 1 and 3 tend to be dispersive in this region. In summary,

upward transfer is the general rule over must of the Northern

Hemisphere, especially above areas of maximum kinetic energy. Note

also that the maximum value of 91 m-/sec-!dav shown on Figure 40

is must greater than that obtained in summing the values for wave

numbers 1 through 3. This indicates that the majority of upward

energy transfer is generated by waves of wave number greater than

3. This is consistent with maximum value of the omega powerI
I
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spectra being at or near wave number 7, as shown in Figures 10 and

i 13.

Meridionally integrated values of AKBlI are presented in

I Figures 45 through 49. The composite picture over wave numbers I

through 20 is shown in Figure 45. In this figure, AKBII appears

to transfer southward at all latitudes north of 20*N in the middle

and upper troposphere and in the lower stratosphere, and northward

in these areas south of 20"N. This would certainly indicate

strong convergence of energy between 10*N and 35°N near the tropo-

pause. A second striking feature of Figure 45 is the general lack

of meridional transfer in the upper stratosphere. AKBII values

I for wave number 1 are given in Figure 47. A cellular pattern

similar to that seen in Figure 45 is apparent, only now the

transfer alternates from northward to southward. When Figures

I 47 and 24 are compared, we see that the positive cells ot %:BI

(northward transfer) occur to the north of kinetic energy maxima,

and that negative cells of AKBlI (southward transfer) occur to the

south of kinetic energy maxima. Just as AKB21 could act to dis-

perse regions of high kinetic energy in the vertical direction, so

too is AKBI! acting to disperse energy centers in the meridional

direction. Also note the large positive center at 10N, 200 mb

j and the corresponding negative center at 17*S, 200 mb. 'hese

centers indicate strong meridional energy transfer from the troDi-

cal region into both the Northern Hemisphere and the Southern

Hemisphere. Figure 43 presents the AKBlI plot for wave number 2.

The most striking feature of this diagram is :he strong, southwardI
I



I
1 99

10 MU1

I
AK8,I M

,M.- -,

-30z

I 5MB

i 300 ms

I SIS ME3

200 M 8

0MB

I

9Or*1 SON TIN 60N SON 40NY 30NY 2ON ION E3 Its Us9 34s

Figure 45. Distribution of meridional geopotential flux summed
over wave numbers 1- 20 and averaged over the winter season

(m2 /sec 2 /day).

!
I
I



I

Me

So MB

76 0
100 Me 0

200 me300- MU 16

Sol me AKBI x io 6

- 3

1000 M S a( t J ,

90N I0N 7ON ION SON 4 N 3ON 29N ION Ec 109 21S 309

Figure 46. Distribution of meridional geopotential flux averaged
over the winter season for wave number I (m2/sec-/day).

• 
.mom



I

,m -I 10'

10 MS=

I

AK811 ~4

g I' iWinlsr 0

S-O MBI0

-- 7

i 300 m

z

150 M

1000 MB[,

9ON soN ifN I0N SON 40N ]ON ZON ION EG ls 209 3S

I

Figure 47. Distribution of meridional geopotential flux averaged
over the winter season for wave number 1 (m2/sec 2/dav).

I
I
I

"- - . . .i I }i Jl ... . . .. .. . ... . ,' II . . .: ' l . . . - - {]"k . ,~ I



102

IS MB AKBU: A 10

K( Z Wli, fer

I0

.13

200 MB

I 100 MU

200 M0

1 50 MU

94N Uly UON ION SON 40N 3oN 2IN IaN so ifs 2Os 31s

Figure 48. Distribution of meridional geopotential flux averagedI over the winter season for wave number '2 (m2/sec2/day).



103

30 MS /
Ai811 

x 1v

< 3 W.nfer

So MEB

800

300 M1

300 
M8

760 MB/ 
-

lidM me -

1000 MB .

9N SON 'ON 'ON SON 4gN 361N 20N% ION EG 109 20S 30S

Figure 49. Distribution of meridional geopotential flux averaged
over the winter season for wave number 3 (:2 /sec2 /day.).

I 
- 9

r 
-



104

transfer maximum located above the area of maximum heating at 100N

and 100 mb, and an associated strong northward energy propagation

region to the south at 5°S, 180 mb. This structure is similar to

I that observed for AKB2I for wave number 2, and it appears that

g AKBlI also tends to concentrate energy in the tropical region

below the tropical tropopause for wave number 2. An additional

Istrong negative center is seen at 50*N, 100 mb in Figure 48. This

feature is closely linked to the wave number 2 kinetic energy

maximum seen in this area in Figure 25. In areas of maximum EK,

AKB1I appears to act to decrease intensity.

Figure 49 represents the cross section plot of AKBlI for wave

number 3. Two features of this diagram are especially interesting.

First, AKBlI for wave number 3 acts much like it does for wave

numbers 1 and 2 in areas of maximum EK, and the strong negative

center at 50*N, 100 mb will tend to decrease the intensity of the

EK maximum for wave number 3 in that region. Second, AKBII for

wave number 3 acts much like it does for wave number I near the

tropical tropopause, exhibiting strong northward porpagation of

I energy over this whole region. One final note concerning AKBII.

Note that the composite diagram, Figure 45, cannot be constructed

entirely from the sun of wave numbers 1, 2, and 3; however, in some

regions, it can be constructed almost completely from these first

three wave numbers. For example, consider the two negative centers

in Figure 45 at 100 mb, 503 N, and 250 mb, 350N. The upper center

can be constructed fro% wave numbers 1 through 3, but not the lower

center. To understand this, the sequence of kinetic energy crossI

I-f
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sections (Figures 24 through 28) must be reviewed. It is seen that

EK is maximum in the stratosphere for long waves, but maximum in

the troposphere for shorter waves. The AKYlI term responds to

I this, and acts to decrease centers of maximum EK at all wave

numbers. The upper negative center of AKBI acts to disperse the

low wave number, stratospheric, EK maximum, while the lower nega-

I tive center acts to decrease the higher wave number, tropospheric,

EK maximum.

The nonlinear horizontal boundary forcing term, NKBII,

p differs markedly from AKBlI, in that stropospheric maxima in

northern latitudes exist for all wave numbers presented (Figures

50 through 53). In the troposphere, NK3II acts much like AKBlI,

dispersing kinetic energy maxima, but in the stratosphere the sign

i of this transfer reverses, and NBKlI acts to reinforce high energy

g centers rather than to dissipate them. Note also that NKBII

exhibits strong northward transfer for all wave numbers shown in

the region just below the tropical tropopause. We will return to

this point again after briefly discussing NKB2I.

The vertical nonlinear transfer term, NK321, is presented in

3Figures 54 through 57. This figures do not exhibit well defined

trends, except over the equatorial region. Here the transfer is

upward and quite strong in the region of maximum upward vertical

motion, and strongly downward both north and south of this region.

I Tropospheric transfer appears generally to be up on the poleward

side of kinetic energy maxima and down on the side of the maxima

nearest the equator. No general pattern for stratospheric transfer

I
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is seen.

In summary, transfer terms associated with the kinetic energy

equation (2.16) almost always act to decrease the intensity of

kinetic energy maxima. There are, however, two very important

gexceptions to this. For wave number 2, both AKBlI and AKB2I act

to concentrate energy in the region of the tropical tropopause.

All other terms for all other wave numbers tend to transfer upward

and northward from this region.

Figures 58 and 59 may depict an effect of this energy trans-

fer. The solid lines in these figures represent observed values

of EK during the winter, while the dashed lines represent values

of EA. The location of the center of the EK peaks and the time

intervals between peaks is plotted on the two arrows appearing

above the peaks in each diagram. Each frame presented in vigures

58 and 59 represent a different level and/or latitude band. All

values plotted in these figures were averaged by applying (4.3)

I The three peaks cf kinetic energy, shown in the upper portion

1 of Figure 58, appear to move upward and northward with time, as

might be expected from the wave number 1 forcing discussed above.

The center peak, seen in the lower half of Figure 59, corresponds

to the easterly flow associated with the minor stratospheric warm-

ing which began 30 Jan 1976 and reaches its maximum intensity 5 Feb

1976. The leading peak corresponds to a characteristic increase

in the upper level westerlies prior to flow reversal to easterlies

during the warming. Note that the three EK peaks are quite diffi-

cult to find at 30 mb in the 10 N to 20 N latitude band shown in

I
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the bottom half of Figure 58. As seen in Figure 5, the mean

I winter temperature cross section, this is an extremely stable area,

where temperatures increase with height and are nearly isothermal

meridionally. in all years studied, this region demonstrated

I strong damping of waves. Both frames presented in Figure 59 are

for the 10 mb level. The upper frame represents the 30'N to 40*N

I latitude band, while the lower frame represents 50N to 600N.

The major difference between these two frames is in the intensity

of the waves, with the northward band showing considerably greater

intensities for both EK and EA waves. This increasing energy per

unit area is probably a result of the decreasing area contained

I within the northern band, more than an increase in the strength of

the northward moving waves themselves.

If these waves are, in fact, moving upward and northward, a

further question must be asked. What happens to the energy of the

wave when it reaches the pole? No attempt will be made here to

answer this question; however, note again that extremely strong

downward energy transfer was observed in the stratospheric polar

regions for AKB^I in wave number 2, a feature not seen for any

I other term or wave number.

Meridional transfer for available potential energy is depicted

I in Figures 60 through 63. The composite diagram, representing the

sum of wave numbers 1 through 20, is Fi-ure 60. On this figure,

a large positive (northward energy transfer) tongue is seen cen-

tered on 68*N at I0 mb, and a secondary maximum is located near

15'N at 200 mb. Three negative centers are seen at 43*N, 700 mb;I
I



118

q A311 x A

54 M3

0

700 0

166 MSZ

Me - Q -z /

2$0 MB

left MS

$ON SN Illy ?OaUN SON 4ON 3ON 21N ION eo 16e 20S 31S

Figure 60. Distribution of NABII summer over wave numbers 1- 20
and averaged over the winter season (-m-/sec 2 /day).

• -bZZ



I$ m

K Win

-27-

2 0 0 M a - 3

3,
36MB 8%

sit Me- 0

ISO MS

94N SON ION 5ON SON MY 3IN 24N ION EQ lOS 24S 308

Figure 61. Distribution of NAB1I over the winter season for wave
number 1 (m2/sec2/day).



120

10 MSl

Ill me

MU~~ z3Z Win/)r

me °

366 Mo 6-. z.8 -Z. df

-2.3

l.2. 0
set me -5.'4

Il6 Mm
356 MBi I.

los6 me '107 0

SfN IoN toer I0N O0N S 401 30N 2ON liy Ec0 Its ?6S 213

Figure 62. Distribution of NABlI over the winter season for wave

number 2 (m2/sec 2/daT).

-'



121

SO M3

led me .7
540 me

I-Z.

200 Ma

9S4 MeL

100 M.

~J.

10M SI ION 70 SO0N N N 3 2 iON ION EC3 10S 20s 30S

Figure 63. Distribution of NABlI over the winter season for wave

number 3 (m'/sec-/day).

-~-1 K*



1 122

30*N, 180 nib; and 100S, 200 nib. The tropospheric centers corres-

pond well with the composite available potential energy centers

appearing in Figure 23, with northward transfer to the north of

I energy centers and southward transfer to the south of energy

centers. It may also be pointed out that southward transfer is

seen to the north of EA minimums and northward transfer is seen

to the south. These patterns indicate that NABlI is primarily

dissipative in nature, operating to transfer energy away from

I large available potential energy centers and into regions of low

available potential energy through nonlinear interaction. Three

major features of NABlI transfer by individual wave numbers may be

I pointed out. First, transfer is northward in the region of the

tropical tropopause for all wave numbers shown in Figures 61

through 63. Second, transfer in the Northern Hemisphere tropo-

sphere is always dispersive as described for the composite figure

above, but wave numbers 2 and 3 appear to concentrate energy in

the region of Southern Hemisphere tropospheric maximum EA seen in

Figures 21 and 22. The final important feature concerns the

I "decay" of the strong tongue of available potential energy seen i

Figure 20, and discussed earlier in section 4.2.2 For wave number

1, this stratospheric feature is strongly supported by intense

positive energy transfer due to NABlI. For wave number 2 (Figure

21) , the stratospheric tongue of available potential energv greatly

I decreased in intensity, and corresponding stratospheric transfer

by NABlI has turned strongly negati-*ve. For wave number 3, the

stratospheric transfer is weak and both positive and negative.
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Associated with this, the stratospheric maximum of available

potential energy has completely disappeared. It would appear that

transfer by NABII can be dramatic indeed.

I Figures 64 through 67 display the vertical nonlinear transfer

term, NAB21, for the composite of wave numbers I through 20 and

for wave numbers 1, 2, and 3. Figure 64, showing composite trans-

I fer by NAM2, demonstrates the two major features seen on Figures

65, 66, and 67' as well. First, transfer by NAB2I in the straco-

I sphere is almost nonexistent. Second, very strong upward vertical

transfer exists in the area of maximum vert.4ical velocity seen in

Figure 4. Since NAB21 is a function of temperature and omega

I interactions, this term probably follows the area of maximum heat-

ing influence to a greater degree than do the other terms. The

I final feature of NAM2 forcing is evident only when Figures 65,

66, and 67 are compared with the associated available potential

energy cross sections (Figures 21, 2.2, and 23). From this compari-

7 I son, it is seen that NAB21 transfers upward to the north of avail-

able potential energy centers, and transfers downward to the south

I of these centers. In this light, the th-ree cell mean circulation

in the Northern Hemisphere troposphere can clearly be drawn

directly from Figure 67, for wave number 3. This three cell circu-

' I lation is not as obvious for wave numbers 1 or 2, indicating that

wave number 3 transfer by NAB21 may be of significant importance

4 in the maintenance of the Northern Hemisphere general circulation.
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CHATER 5

GROWTH AND DECAY OF LARGE

SCALE ATMOSPHERIC WAVES

5.1 Physical Interpretation of Time Transforms

While study of mean seasonal conditions can produce many

important features of energy exchanges operating in the atmosphere,

this approach cannot bring to light any information concerning the

sequence of events leading to the growth or decay of a wave in the

atmosphere. To study the order of events leading to wave growth

and decay, transforms in time must be done. As a result of the

time transformed equations (2.30) and (2.31), phase angles may be

I derived which show the relative occurrence in time of each term in

relation to all other terms.

Before discussing the results of any time transforms, a firm

I understanding of the physical meaning of the concept is required.

The physical meaning of a transform in space is an appropriate

I place to begin. When a cyclic set of data is transformed, such as

9 values of temperature around a complete latitude circle, the result

is a single complex number for each "wave number" contributing to

I total wave pattern existing in the original data. The "wave number" is

3i.p7 the number of cosine waves fitting the data around a latitude

ZI



circle. While data is not gererally cyclic in time, it can be made to

appear cyclic by gradually tapering the beginning and ending of the

sequence of data to be transformed to zero (cosine bell). The data

may now be transformed in time just as it was in space, with the

g resultant single complex number associated with each "frequency"

(rather than wave number) . From the complex number associated with

Ia given frequency, both the phase angle (6 - tan- 1 Qi /Qr ) and the

magnitude (dQ i+ Q rj for that frequency can be obtained, and these

are essentially the phase angles and magnitudes appearing in the

figures to follow. Chapter 2 discusses the details of this pro-

cess in a rigorous fashion.

5.2 Evolution of the Available and Kinetic Energy of the Large
S9cale Atmospheric Waves

Examining (2.30) and (2.31) we have found that the evolving

I kinetic and available potential energy depends primarily on the

g phase angle and amplitude of the terms on the right hand side of

the equations. We shall now analyze the processes of the evolution

of the kinetic and available potential energy associated with waves

of various wavelengths and frequencies in the troposphere and

I stratosphere in the mid-latitudes and near the equator.

i Figures 68 through 97 show the evolution of the kinetic and

available potential energy at 500, 50, and 10 mb for wave numbers

0, 1, 2, 3, and 7. Area integration using (4.3) was carried out

from 30'N to 600 N for winter and from 15*S to 15 4 for summer.

I Terms with magnitudes of less than 10% of the magnitude of the

largest term in each frame were not plotted. The periods of wave



I
130

growth or decay, i.e., the time for one complete cycle, were

selected on the basis of having the largest amplitude of aEK/3t

for each wave number presented. The average periods for the

largest value of ;EK/at for the winter middle latitude troposphere

and stratosphere are, respectively, 5.8 days and 7.5 days. For

the summer tropical cases, the average corresponding periods are

4.0 days and 2.9 days, demonstrating that summer tropical dis-

turbances are much shorter lived than winter middle latitude

systems.

Before discussing Figures 68 through 97 in detail, it must

be pointed out that the phase angles presented as "phase relative

to 'EK/3t" in the diagrams may equally well be considered as

"relative phase between terms". The point is that IEK/at need not

begin the process of wave growth simply because it occupies the

central location on these phase diagrams.

Examining the mechanisms for the evolution of 500 mb winter

tropospheric waves of wave number 1 through 7, as shown in Figure

68 through 72, it is seen that the growth and decay of waves are

almost directly the response to the nonlinear interactions (NKI,

NK2) and the vertical convergence of geopotential flux (AKB2).

Consider first the evolution of waves of wave number 1 as shown in

1Figure 69. Beginning from NKI and proceeding in cyclic manner

through both plots of phase angle, the sequence of events would be

NKI, NK2, AKB2, EKt, HA, EAt, MA, AK, NAB1, GK, NAI, NKB1, . KB,

and finally, KA. This may be seen as an orderly sequence of

events, starting with energy input by nonlinear interactions (NKI'I
I
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and NK2) and the vertical convergence of geopotential flux (AKB2).

In response to these inputs, the kinetic energy of the wave begins

to increase (EK ). Meanwhile HA also increases, either due
t

rectly to latent heat release or due to nonadiabatic heating

(which may also have caused the height field to change). Changes

in HA dictate changes in EA t  As EKt is increasing, so too does

MA, dependent primarily on V'T' interaction. AK may naturally

begin its increase at this point for either of two reasons. First,

if any shear in the wind is present, upward vertical velocity can

develop by (3.2), and second, increasing MA generally implies

warm air moving north or cold air moving south, both of which can

cause the conversion of available potential energy to kinetic

energy. Probably near this point, the wave begins to decay by

energy extraction due to GK and the nonlinear interactions NKBI,

and NAl, and loss of kinetic energy through KA.

For the evolution of waves of wave number 2, as shown in

Figure 70, the sequence of events would be AKB2, MKl, NAl, NK1,

NK2, EK,, NABI, EAt, NA2, HA, AK, MA, GK, AKBl, and KA. For wave

number 2, the vertical convergence of geopotential flux (.AKB2)

and the noniinear interactions MK1, NKI, and NK2 preceded the in-

crease in EK, while interactions NAl and NAB1 preceded the increase

I in EA. These events were then followed by nonadiabatic heating (HA),

the conversion of available potential energy to kinetic energy (AK),

transfer of eddy kinetic energy to kinetic energy of the mean flow

(MA), 3ub-scale wave interaction kinetic energy dissipation (:;K), en-

ergy extraction due to horizontal forcing (.%K3t), ind ios of kinet-i

!. .i
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energy through conversion to available potential energy (KA).

It would first appear that changes in U' or V' are required

before MKI could correspondingly increase, but this is not :Ler.es-

sarily true. The MK1 term can increase by changes in the mean

flow, even if no changes in U' or V' occur in time. For wave

number 2 then, it appears that pressure forcing, extraction of

energy from the mean flow, and nonlinear contributions initiate

the growth of kinetic energy, while nonlinear energy transfer from

other waves and nonlinear horizontal forcing may cause the first

increases in EA.

With remarkable similarity, the chain of events leading to

wave growth and decay for wave numbers 3 and 7 (Figures 71 and 72)

follow the same reasoning presented above. For completeness, the

chain of events for wavenumber 3 would be AKB2, EKt, NABI, N,2,

MA, EAt, NA2, AK, AKBI, NA3, HA, NKB2, GK, NAB2, NAl, KA, and

NUKBI, while the events for wave number 7 are AKB2, NK, EKt, HA,

NAI, EAt, NA3, NABI, MA, AK, GK, NK2, NA2, and KA.

Evolution of winter stratospheric waves is shown in Figures

73 through 82. At 50 mb and for wave numbers 3 and 7 at 10 nib,

it is seen that the vertical pressure work term (AKB2) plays a

dominant role. We will therefore select this term as the one which

begins the wave growth-decay process, and apply the same general

kind of logic to wave evolution in the winter stratosphere as was

used in analyzing the winter troposphere. Consider now Figure 74

j and assume some external upward forcing. The sequence of events

in this diagram would be AKB2, KA, .KB2, NK2, NA, EK t GK, EAt,I

4 4



138

I k-- 0

DERIOO -.OOAYV PHASE 911ELATIVE

:E PR URES 0 S TOV /n er 30r4 - 6oN

I o a

K AA43

I a O// "-II

-3o,I A
I ml\ ,o ' z ml

0>

I -'°" / "z

a -so / 4 2

la 14 A

I I-
/ ii

iI , mll ,i+

. / "\ . 0 i

0 zoI A 4A / 4 .1
- \/ / U 4.

I m ,o J N KA

/ '0

I .. 4/

| ,_- ' ,

>

Ienerges in relation to the linear and nonlinear c\ntr/butios to

-...- A<

waves of wave number 0, period 3.0 days, averaged over 30*°1-60*N

i at 50 rob.



I

139

K
PE IOO 8.7OAYS PHASE RELATIVE
PRESSURE - 5 Me To aE05t

fntdP 
3

0M - 60N

(~ .- K / + . >W r2
o AoB°

J0-
K6 G'r7 K /

a 2- -AIKL h
-

0. -e 4 .

j 4 -'2.

NK81

I I ll

/ \ ",0 iu

4J1 / 2

RA 2 -9A 2
0 ', / 4 +/

//U 
4In / \ -

Mz
I \ / -.,' \ " / I-

o ZNA)"" / "\ ' " ' \ EA t 0

42 NA

J ,IKA i 2

-x4
PHASE

Figure 74. Winter variations of the kinetic and available poten-
tial energies in relation to the linear and nonlinear contribu-
tions to 7aves and wave number 1, period 8.7 days, averaged over
30°N-60ON at 50 mb.



i I

1 140

K- Z
PEARIOD 8.

7 0AVy PHASE RELATIVW

P RESSURE= S0 MU TO BE~ t

w;, n ter JON -60 N

SAX5Z . CK -AKOZ cEI I,/0 / 0+% 0

oAKS a,-G /

S. \ / / Ul zi
-S.... I'

A / • N / 0-. /4 .' A..

-'5/ .1A

I ,I +x -
AOAL 0'A = t I

2 2

-S0 KAU

M3 A 2 - . - J
I 12-1 I

-2 NA

23H EAt

:) ' \P IHAAE

zia enis inrlto otelna an onlna cot''<i

I I- 40* at54b

a. . \ -j

4 >

PHASE

I
I ?igure 75. Winter variations of the kinetic and available ooten-

:ial energies in relation to the linear and nonlinear contrib'i-

rions to waves of wave number 2, period 8.7 days, averaged over

I 300N-600 N at 50 rob.

I
I



I 141

K =3
PERIOO= 6.'tOAY PHASE RELATIVE
PRESSURE= 50 MB T 0 EWO
Vq;rl ter 3O - 60oN

N--

/- AKa5.z z

2- >

INK 19P-K
JUIAK52. U

6K y

2.S-

2.2

0 4 KAJ

E 4 W
p.._M .*'.

J j

PHASE

Figure 76. Winter variations of the kinetic and available poten-
tial energies in relation to the linear and nonlinear contribu-

tions to waves of wave number 3, period 6.4 days, averaged over
30*0l- 60* at 50 mb.



I
142

,k |

PERO = 2.30AYS PHASE RELATIVE

PR ESSU 5= 0 me TO EK.4t

W ter 3ON- 6ON

2.5K

0 0-AKB

.IX -

X/ 3 _T/ Z

.3

/2 mut

/ A .3~

I J$" ..

7 7 EA / 2

0 - ___________"' h

- .HA
- " NA82 7 -

-aA 2 M"A3

C0 j

.3x

r HA/ PH--

ia./I,' / 4 4 ~

4

tions to waves of wave number 7, period 2.3 days, averaged over

300N-60N at 50 b.



I
143

I K= 0
PER 100 =- ZOAVS PHASE RELATIVE
PRESsuRE= /0 me TO f t
wier '4QAsA- 6ON

-, s. - -, "r 4K g,

0 S
t_

O6 Ax' >

IIV

,e -o 1' . " \

- 2I o -. . A

I I I U .W 4

j ,I * ,- A1 ^,

AK z

I ., I: ,. / " 2 I
/: - N-- A UJ

. •\ / • l4I -'- "" ..

II tial energies in relation to the linear and nonlinear contribu-
tions to waves of wave number 0, period 19.2 days, averaged over

I 300N-600 N at i0mrb.

-_ .- 1 ,. - I

L ]. .. ." J . . .. . . ..• . . . . . ... .. . . .... . . . . . ... .. . . . .. . . . . ._ .t . _ ._' 75" ,.' " k - l



3144

05A10= 6.qOAYS PHASE RELATIVE

PRESSURE / Jme TO aE~t

Winter 30N- b0N

z " AK

o., / 6-K . 4
S i . *j \ :

MKI

z rK z

S , . II

4z

I *a AK

3-~ NXJ

__.1.I " " 2 --- - " X

* 'g -o " "A I1 " .1Z " ,8-3'

I ax

U I 0 A 0

fn 30N40 4I0rb

X - >

4 
)

A II
30~~1 -600 a mb

-30,



145

OURIO 00=80AYS 
PHASE RELATIVE

PRESSURE = /0 mU TO al~

Ws nftr 3eAJ - 60m

3o 
Mki>

a +~
EK~ -z*. U

IN, 10

a zIV
G K(

I 4 -30 I -

X / 2  
3J/YZ 2X

KA a

20 - A+1

340 IL

2 - A

t I

Figure 80. Winter variations of the kinetic and available poten-

tial energies in relation to the linear and nonlinear contribu-

tions to waves of wave number 2, period 8.0 days, averaged over

30*0N - 60*N at 10 mb.



I 146

K= 3
P: IOD ---- T.IAyS PHASE RELATIVEPR ESSUE = IOM.. TO aG, .t
win, t r 3o ON

I . .

0 a 1

- 3 /;' I  ""1
InW ' AK

i . MI I - U-A O

oK - z ,

I - 7. z

_ A . /i

I I, \ " ,

I~~ ~ K 2 AO

I . ".

AK~ -AOXAI

I I ,MAI >

• J ,, . .

I I \ zI.
U • .'\ , / a. A

I-xI A

a..IA 8z e4A(A

2 / EA, a

PHASE -

Figure 81. Winter variations of the kinetic and available poten-

tial energies in relation to the linear and nonlinear contribu-
tions to waves of wave number 3, period 5.1 days, averaged over

i 30N-60 °N at 10 mb.

I
I



I 147

C 7
IIO,.,= 2., AY vIPHASE RELATIVE,P,,E S SURE = ,o ,Mei To Z"'

Wv,*M f*er JON- 60N t

I ,..

3.S. 
NI(I

I 0 ,.i \. ". -

in .l ." • --.. L -" ..... ...

-' .U

/S a .

> II

I -il.; ' / " "2
II -.,.o " ..." - "'

I ' =3> 'HA 2'
d "- / J 4

j . ,'I ~2-xA

I 0c ., .N a 1 -b"

i HA/4'

I_0

IU
.1;

I--.. --l G

..igre...ine vaitin o.h knti"ndaalal .tn

tileege nrltint h ierad olna otlu
il a -.... t . .. . . .. '.t... . . .. .. .to- . .a v e. of .. a..e n u m b er. .... . ... .o. . .. 1 d a ys... a v e r a g edi o v er. . t .k I -- '- . i ',_ .



148

HA, AK, NKl, NAB1, and NXBl. Now AKB2 and KA increase, as does

NKB2, also reflecting the upward forcing. NK2 and NAl act as

energy sources in transferring energy from other waves, and EKt

begins to increase. GK now usually acts as an energy source as

well. The EAt curve begins to grow from input by NAI, but is

followed closely by an increasing HA. The growing EAt wave is

immediately stunted, however, as AK begins its rapid increase.

This forces corresponding decrease in KA and completely cancels

HA. In all stratospheric middle latitude figures, it will be seen

that KA and HA are of equal magnitude and nearly 1800 out of

phase. This essentially leaves only the nonlinear terms, which

are very weak in the stratosphere, to drive changes in aEA/t. As

a result, aEA/at curves in the stratosphere are very weak indeed.

At 10 mb for wave numbers 0, 1, and 2 (Figures 78, 79, and

80), the dominant term is not AKB2. Rather, the diabatic effect

HA, the action of energy conversion AK, and sub-scale wave inter-

actions embodied in GK dominate the evolution of the kinetic and

available potential energy. In these cases, the energy transfer

cycle generally follows as HA, AK, EKt, EAt, and GK.

Analysis of other wave numbers in the middle latitudes would

follow similar lines to those above; however, it is mcre important

to present the general features of the overall wave growth and

decay process in the mid-latitude troposphere and lower strato-

sphere.

(1) Vertical forcing due to the vertical convergence of

geopotential flux provides an important mechanism for

p .. ... ..... - .S. .. .. *. . .e •.. - '' -.,
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wave evoluti.on in both the middle latitude troposphere

1 and lower stratosphere.

(2) Nonlinear interaction provides a more effective mechan-

ism for wave evolution in the troposphere, whereas

I vertical forcing CAKB2) and energy conversion (AK)

provide an effective mechanism for wave evolution in the

I lower and middle stratosphere, respectively.

I(3) Horizontal forcing terms nearly always act out of phase

with EK t ,and mzay be generally considered as energy

sinks.

(4) Final decay of waves is indicated by an increasing con-

I version of kinetic energy to available potential energy

I (KA), and the increasing effect of sub-scale inter-

actions.

I(5) Increasing kinetic energy nearly always precedes

increases in available potential energy.

I At 10 mb in middle latitudes for wave numbers 0, 1., and 2, we

conclude the following:

(1) AKB2 is small in magnitude and always out of phase with

jEK t
(2) Maximum wave amplitudes of all waves shown are approxi-

I mately three times greater than for 50 mb, reflecting the

1 stronger winds and temperature gradients at 10 mb.

(3) HA and 1(A are nearly the same magnitude and out of phase.

Perhaps the large values of RA reflect the increasing

diabatic effects of the ozone layer.
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(4) C( and KA are nearly the same magnitude and out of phase.

(5) The overall balance between HA, KA, and GK essentially

i determines wave evolution at 10 mb.

Figures 68, 73, and 78 for the mean flow are considerably

more difficult to understand. In both the troposphere and the

stratosphere it appears the nonadiabatic heating (HA) and sub-scale

I interactions through GK are the major ingredients. At 500 mb, GK

i is balanced by AKB2 and AK (two pressure gradient forces), and EK t

increases or decreases as a result of this balance. For the avail-

I able potential energy, HA is nearly balanced by MA, and EAt seems

to be controlled by KA. Perhaps this is due to the general

I lowering of the northern troposphere during winter?

As seen in Figures 83 through 97, the evolution of kinetic

energy waves in the tropical troposphere and stratosphere is

dominated by conversions of available potential and kinetic ener-

gies (AK,KA), sub-scale wave interactions and Reynolds and molecu-

Il ar stresses (GK), and vertical and meridional convergence of

geopotential flux (AKBI, AKB2). The major terms operating 4n the

evolution of EA waves are interconversions of available potential

and kinetic energies (AK,KA), and sub-scale wave actions and

diabatic heating or cooling (HA). From these figures, it also

I appears that any of the major terms contributing to the life cycle

of kinetic energy waves can initiate the growth cycle. That is,

AK is the leading term in Figures 85, 88, 91, 95, and 96; GK

appears to start the evolution process in Figures 81, 84, 89, 03,

94, and 97; AK32 initiates the cycle in Figures 37, 90, and 92;

Ii. ......
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while AKBI may begin the process shown in Figure 86. In most

cases, verticcl and meridional convergence of geopotential flux

(AKB2, AKBI), or eneriv :onversion (KA or A.K) appear to be the

major factors initiating wave evolution. It should be pointed out

that, as for the stratosphere in general, nonlinear terms are

almost never signifizant in the tropics.

Because of the great variability seen in tropical wave evclu-

tion, it is probably not meaningful to discuss specific cases of

development and decay. Some general conclusions about the summer

tropical troposphere and stratosphere may be stated as follows:

(1) In the cropical tropospherE (500 mb) and lower strato-

sphere (50 mb), most wave evolution is initiated by the

vertical and meridional convergence of geopotential flux

(AKB2, AKBI) and energy conversion (AK). At 10 mo, sub-

scale interaction (GK) almost balances the diabatic

heating (HA).

(2) in the tropical atmosphere in general, nonlinear terms

are less important than for winter, middle latitude

evolution.

(3) Conversion of available potential energy to kinetic

energy (AK) is almost always close to !80* out of phase

with OK.

(4) Conversion of kinetic energ-y to available potential

energy (KA) is almost always close to 180' out of phase

with HA.

(5) ?or wave number 0 only, meridional energy transfer (AXi'B1



I

opposes wave development, and therefore, may be thought

Iof as an energy sink.

(6) in the tropical stratosphere, terms AK, ,K, and AKB2

almost always balance each other, therefcre 3EK/it is

I generally small.

(7) In the tropical stratosphere, terms HA and KA generally

I balance each other, and therefore 3EA/,t is usually

small.

I
I
I
I
I
I
I
I
I
I
!
I
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CHAPTER 6

S3MARY AND CONCLUSIONS

Analyses of the distribution, maintenance and evolution of

the available potential and kinetic energy in the Northern

Hemisphere, winter 1975-76 indicate that the kinetic energy per

unit mass of both the zonal mean flow and wave motion shows a pri-

mary maximum near 65*N, 10 mb in the stratosphere and a secondary

maximum at 35*N, near the tropopause. The specific kinetic energy

of the wave motion in the stratosphere is essentially contributed

by the extra-long waves (k = 1, 2, 3), whereas that in the tropo-

sphere is contributed by both the long and synoptic scale waves.

The available potential energy per unit mass associated with the

zonal mean flow has a primary maximum near 23*N in the lower tropo-

sphere, whereas that associated with the large-scale waves has two

maxima of almost equal strength, one in the stratosphere near 10

mb at 63*N, and the other in the lower troposphere near 53°N.

The specific available potential energy associated with the extra-

long waves shows a transition of an intense maximum for wave

number 1 in the high-latitude stratosphere, tc two weak maxima in

4 the high-latitude stratosphere and the lower troposphere for wave

number 2, and to a weak maximum in the mid-latitude troposphere f)r

wave number 3.

The maintenance of the energetics in the troposphere and

a _
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stratosphere appears to follow a definite cycle. For the winter

season from 90°N to 20*N, nonadiabatic processes supplied avail-

able potential energy to the stratosphere zonal mean flow. The

majority of this energy was seen to convert to mean kinetic

energy, and then was removed from the system through the Reynolds

and molecular stresses. Energy input to the tropospheric mean

available potential energy by the nonadiabatic processes was

primarily transferred first to the tropospheric eddy available

potential energy through interactions of waves and the meridional

gradient of the zonal mean temperature, second to tropospheric

eddy kinetic energy through conversion, third to stratospheric

eddy kinetic energy by vertical convergence of geopotential flux,

fourth to stratospheric eddy available potential energy through

conversion processes, and finally, out of the system by diabatic

cooling and sub-scale wave interactions. Northern Hemisphere

integration for the summer season showed a mcdified, more compli-

cated structure. Energy supplied to the mean stratospheric avail-

able potential energy is first converted to mean stratospheric

kinetic energy, transfers to mean tropospheric kinetic energy, and

finally is removed from the system. 7n the troposphere, energy is

input to the mean available potential energy by diabatic heating.

The mean energy subsequently transfers to tropospheric eddy avail-

able potential energy, then to tropospheric eddy kinetic energy,

and finally is transferred out of the system. Stratospheric eddy

kinetic energy is primarily supplied by sub-scale interactiuns,

then converts to stratospheric eddy available potential energy.

"- -~- -. . .
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and is f Inally removed from tre system by diabatic cooling.

Analysis of energy transfer z.t boundaries indicated that

boundary terms act principally to decrease centers of high kinetic

or available potential energy or to increase energy in areas of

relativa minimum kinetic or available potential energy. Upward

energy transfer was the general rule over most of the Northern

Hemisphere with a maximum near the tropopause at 45N, just above

the locaticn of the maximum kinetic energy of the wave motion.

Major meridional energy transfer was seen to be scuthward north

of 200N and northward south of 20'N, with maximum values occurring

in the vicinity of the tropical tropopause. Also in the region of

the tropical tropopause, vertical transport of energy for wave

number 2 acted to concentrate energy, while other boundary terms

tended to transfer energy upward and northward. The sudden strato-

spheric warming, which may be an effect of this boundary energy

transfer, was suggested to be a wave originating in the region of

the tropical tropopause and moving upward and northward. Since

the area of northern regions is ccnsiderably less than the area of

tropical regions, -he energy per unit area of the wave was seen to

grow dramatically as it appeared to mcve northward.

An analysis of the mechanism for the evolution of the large

scale atmospheric waves in the mid-latitudes, winter 1975-1976,

indicates that the vertical convergence of geopotdntial flux oro-

vides a substantial mechanism for kinetic energy evolution in both

the mid-latitude troposphere and stratosphere. While nonlinear

interaction provides a more effective mechanism for wave evolution

e
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in the troposphere, the vertical pressure work term is effective

in affecting wave evolution in the stratosphere. The vertical

convergence of geopotential flux, which is found generally in

phase with the rate of change in kinetic energy, would enhance the

wave growth; whereas the meridional pressure work term, which is

generally out of phase from the rate of kinetic energy change,

would act as an energy sink. The evolution of kinetic energy is

found generally to precede that of available potential energy

associated with the waves. In the equatorial region, most wave

evolution was initiated by the vertical and meridional convergence

of geopotential flux, although energy conversion could frequently

begin the process. At all levels, nonlinear terms were less

important in the tropics than for the middle latitudes. In

1general, summer tropical wave evolution was found to be far more

Ivariable and less well defined than for the middle latitudes in
winter.I

I
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I APPENDIX A

DISTRIBUTION OF AK, MK, NK, MA, AND NA

AVERAGED OVER THE 1975-76 WINTER

SEASON FOR VARIOUS WAVE NU MERS
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